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PREFACE 
The work presented in this thesis deals with a number ｯｾ＠ aspects 
of the simple molecule, nitrous oxide. It is convenient to divide 
the work into four parts. 
The first two and major parts, concern the oxidation reactions 
of nitrous oxide. 
Many gas phase oxidation processes have been studied using mole-
cular ozygen as the oxidant. The results have often been confused by 
the complexity of the systems involved. Branched reaction chains occur 
leading to explosions and results that are highly dependent on surface 
and the presence of trace impurities. Oxidation by nitrous oxide does 
not normally lead to chain branching since the reaction 
(R is any ｦｲｾ･＠ radical] 
is not a chain branching process whereas the analagous reaction with 
molecular oxygen is. 
It was therefore hoped that by studying oxidation in nitrous oxide 
the inherent difficulties of establishing reaction mechanisms would be 
less, and that data on the reactions of oxygen atoms (possibly energeti-
cally excited from the thermal decomposition of nitrous oxide) would be 
obtained. 
Three important gas phase oxidation reactions involve no pressure 
change, namely, nitrous oxide/hydrogen, nitrous oxide/carbon monoxide 
and nitrous oxide/sulphur dioxide. 
The oxidation of sulphur dioxide in nitrous oxide has been studied 
by Reuben and others [ 6, 36]. The reaction was followed spectroscopically 
0 
by using the absorption of suJ.phur dioxide at 3100 A. 
A method is presented in this thesis by which it is possible to 
follow the concentration of nitrous oxide ｳｰ･｣ｴｲｯｳ｣ｯｰｩ｣｡ｬｾ＠ using the 
0 
absorption of nitrous oxide at 2200 Ao 
Partly as a test of the method, the reaction with hydrogen was 
investigated firsto The only comprehensive study of the N20/H2 
system that has been carried out was the careful and ingenious work 
of Melville in the 1930's [v. infra]. Modern techniques permit 
improvements to Melville's method. Also, now that the rate constants 
of ell, or nearly all, the elementary processes that are likely to be 
involved in a mechanism are ltnown, a more rigorous test of proposed 
mechanisms may be made. 
The oxidation of carbon monoxide is an important final stage in 
the burning of hydrocarbons. Since HoBo Dixon's discovery in 1880 
(37] that water had a marked influence on the combustion of carbon 
monoxide a great deal of work has been carried out on the reaction. 
Dixon's comment on his discovery (reported by W.Ao Bone in the Liversidge 
Lecture of 1930 [ 77]) that "it loosed a. hare which though since pursued 
by the hounds in full cry, is still uncaptured" is as true today. The 
role of water in combustion processes is still obscure. By studying 
the oxidation of carbon monoxide in nitrous oxide (a reaction which has 
scarcely been studied at all) it is hoped that, since chain branching 
is unlilcely to occur, the effect of water will not be as dramatic as in 
By studying both the "dry" and "wet" reactions 
further insight into the effect of water may be gained. The work 
described. in this thesis is primarily concerned with the "dry" N20/CO 
reaction. Further work is in progress in the departmsnt to stuqy the 
"wet" reaction more extensively [ U]. 
The third part of this thesis deals with a phenomenon that made 
the first two parts possible. 
It was found that although the absorption intensity of nitrous 
10. 
0 
oxide in the reg:!-on of 2200 A is very weak at room temperature it 
increases .. rli th temperature. This provided a measurable absorption 
0 (at 2200 A) at the temperatures at which the oxidation reactions were 
carried out (540° to 750°C) and enabled the concentration of nitrous 
oxide to be followed during the course of a reaction. 
The effect of temperature on the ･ｬ･｣ｴｾｯｮｩ｣＠ spectra of molecules 
has not been widely studied. An ｾ｣｣ｯｵｮｴ＠ of the variation of absorption 
0 
intensity of nitrous oxide in the region 2800 to 1900 A with tempera-
ture (o to 700°C) and its relationship with some upper electronic states 
of N2o is presented in this thesis. 
The fourth part involves ion-molecule reactions between hydrogen 
and its isotopes and nitrous oxide. 
During the past 10 to 15 years there has been an upsurge in the 
interest in reactions of gas phase ions and molecules. A number of 
theories have been put forward to predict and explain these reactions. 
One of the earliest and also one of the more successful theories was 
developed by Gioumousis DJ:ld Stevanson[·9+]in which they considered the 
path of the ion in the potential field set up ｢･ｾｶ･･ｮ＠ the ion and the 
ion-induced•dipole of the neutral molecule. They treated both the ion 
and molecule as hard spheres and predicted rate constants that depended 
solely on physical parameters such as charge, mass, velocity of the ion 
and mass and polnrizibility of the neutral species, rather than on the 
chemical properties. Recently ion-molecule reactions have been observed 
which apparently cannot be treated using the simple ｇｩｏｕＱＱＱｴＱＬｊｬｬｳｩｳｾｓｴ･ｶｯｮｳｯｮ＠
theory (eog. ion-molecule reactions in benzene studied by Reuben and 
Lifshitz [SB . ]). 
It was decided to compare two simple ion-molecule systems in which 
the physical parameters are identical (or nearly so). Ion-molecule 
11. 
reactions between carbon dioxide and hydrogen have been studied by a 
number of workers, the data. obtained have boon shown. to fit Ｚｃｨｯｾｇｩｩ｣ｵｭｯｵｳｩﾷｳ＠
Stevenson theory closely, the essentially similar N20/H2 system has not 
been studied. Nitrous oxide is isoelectronic with, has the same mole-
cular weight as, and has a polarizabili ty similar to carbon dioxide. The 
Gioutn0us-l<o-S:teve!.laOtl !. theory predicts that similar rate constants would 
be obtained. 
This thesis studies ion-molecule reactions in N20/H2 mixtures and 
compares the results obtained with the ｣ｯ Ｒ Ｏｈｾ＠ system. The aim is to 
see whether signigicant differences in rate constants are obtained and 
if so to try to provide an explanation. 
12o 
Part I 
Combustion of HYdrogen in Nitrous Oxide 
INTRODUCTION 
(i) Thermal Decomposition of Nitrous Oxide: 
The initiation reaction in both the N20/H2 and N20/CO reactions 
involves the decomposition of nitrous oxide into nitrogen molecules 
and ｯｾｧ･ｮ＠ atoms. Although no specific investigation of the decompo-
sition was made in this work a brief ｲ･ｳｵｭｾ＠ of the chief features of 
the decomposition will be given. The mechanism of the decomposition 
of N20 is now fairly well established. It is of importance not only 
as the initiation process in its oxidation reactions, but is also of 
theoretical interest as nitrous oxide is one of the simplest molecules 
capable of unimolecular reaction where the activation is ultimately 
supplied by collision. 
Nitrous oxide decomposes at measurable rates above about 600°C. 
The products are almost entirely nitrogen and oxygene Some nitric 
oxide is also formed var,ying from 0.28% at 700°C to 14.4% at 1200°0 [1]. 
The reaction is found to be approximately 1.5 order over a ｳｵｲｰｲｩｳｩｮｧｾ＠
large pressure range (from about 10 mm Hg to a few atmospheres). 
In an attempt to _explain the experimental order of 1.5 obtained 
over such a large pressure region , Pease [ 3] suggested a chain mechanism 
that employed an initiation reaction that involves breaking_the N-N bond: 
N2o Ｍｾ＠ N + NO + 113 koal 
This reaction is energetically unfavourable and has been rigorously 
ruled out by Friedman and Bigeleisen who fb und that if l5N ｾＰ＠ is used 
no 14w-2 or l.5N2 is formed as products [ 4]. 
The formation of ni trio oxide during the decomposition . . has been 
studied by Lindars and Hinshelwood [ 2] and by Kaufman, Gerri and Bowman 
[ 5]. In the initial stages up to 6q% of tl1e reacting N2o produces -· 
ni trio oxide. At constant temperature the ratio (initial rate of NO 
formation)/(initial rate of N2o decomposition) increases with increasing 
pressure. The production of NO is self-inhibiting and it has been 
·shovm by 15N tracer experiments [ 4-] that most of the NO produced 
is formed by the reaction 
0 + ｎ Ｒ ｯｾ ﾷ＠ 2NO. 
The activation energy of tho decomposition ｩｾ＠ about 58 koal/mole[6] 1 
although Lewis and Hinshelwood found that it falls to about 50 kcal at 
low pressures [7]. Reuben and Linnett ( 8] have reinterpreted the 
results of Lindars and Hinshelwood and Kaufman et al1 and give a more 
complete picture of the decomposition. Two processes are possible as 
initiation processes: 
N2o (1.!:) :--7N2 (7J + o(3P) /:;). H = + 39.4 kcal 
N2o (1 t.) -7N2 ＨｾＩ＠ + o(1D) b Hl = + 84.8 kcal 
The first process involves a change in multiplicit,y but leads to products 
in their ground electronic states. The second is permitted but the 
dissociation energy is considerably greater than the observed activation 
energy. Herzberg [ 9] suggested that dissociation m?-ght occur via a 
triplet state of N2o which was about 58 koal above the ground state. 
Stearn and Ey;ring [ 10] develop a theory to calculate the absolute rate 
of the N2o decomposition. They obtained a potential energy diagram 
for N20 as a function of N-O distance, an extended form of which was 
published by Reuben and Linnett (8]and is shown in Fig. 1.1. In this 
diagram the potential energy curve for the first excited states 
(3'1T and 3.I:) out the ground state potentiaJ. energy curve at an onergy 
between 55 and 60 kcal above the minimum of the latter. 
It was proposed by Stearn and ｾｲｩｮｧ＠ that decomposition of N2o to 
ground state nitrogen and ｯｾｧ･ｮ＠ occurs via this crossing point thereby 
explaining wqy the experimental activation energy is higher than the 
energy of dissociation to 3p OXYgen. 
Reuben and Linnett have pointed out that this course of decomposi-
tion leads to the nitrogen molecule and o:xygen atom separating with an 
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energy of 19 kcal/mole. Since N2o is a linear molecule this 1T.ill 
appear mainly as translational energy. The share of the ｯｾｧ･ｮ＠ atom 
will be about 12 koal/mole, and hence ｯｾｧ･ｮ＠ atoms produced will be 
more reactive initially. Reuben and Linnett also postulate that only 
nhot" oxygen atoms undergo collision with nitrous oxide to produce 
nitric oxide. They modified Kaufman's mechanism to take this into 
account: 
N2o 
Ｐｾ＠ + M 
o• + wall 
0 + N2o 
Ｐｾ＠ + N
2
o 
ｾＭ
" 
--+ 
Ｍ ｾ＠
ｾ＠
ｾ＠
----+ 
Ｍｾ＠
N + Ｐｾ＠2 
0 + M 
0 + wa.l1 
N2 + 02 
N2 + 02 
Ｐｾ＠ + N20 ｾ＠ 2NO 
0 +NO ＭＭｾｎｏｾ＠ ｾ＠ N02 + ｨｾ［ｬ＠
OS£ + NO ＭＷｎｏｾ＠ ｾ＠ No2 + h \) 
0 +wall )- . 
Ｐｾ＠ + wall Ｍｾ Ｍ
N02 + N2o --¥ l_'J2 + o2 +NO . 
· .This mechanism seems to account reasonably well for most of the 
ｰｵ｢ｬｩｳｨＺｾ､＠ ·.work on the thermal deoomposi tion of nitrous oxide, and amply 
confirms Hinshelwood 's comment [ 2] thatttThe deoomposi tion of nitrous oxide 
.. 
belies any expectation that the kinetic behaviour of molecules containing 
a few atoms should be simple"• 
More recently work has been carried out on the decomposition of nitrous 
oxide ｾｰ＠ shock tubes at high temperatures. This enables the reaction 
mechanism to be evaluated under extreme oondition$ 1 and by diluting N2o 
with large excesses of carrier gas, bimolecular reactions can be avoided, 
changes in the number of particles during the reaction are negligible, 
and the reaction proceeds in a nearly ideal heat bath. 
17. 
Bradley and ICistia.kowsky [ 11] analysed reacting N2o behind a 
reflected shock wave, using hydrogen as the carrier gas, with a BenQix 
time of flight mass spectrometer. They claim good agreement with 
_,. 
rate constants and mechanism of the reaction obtained at much lower 
temperatures by earlier workers • 
.. 
Olschewski, Troe, Wagner and others have published a number of 
papers dealing with the decomposition of N2o in shock tubes [ 12][ 42] 
at pressures between 0.8 and 300 atm and temperatures between 1400 and. 
ｾ Ｌ＠
They find that the velocity constant for the unimolecular 
step 
changes with pressure, with changes occurring both in the activation 
energy (58 to 59.5 koal from low to high pressure) and in the pre-
. ( 14.7 11.1· -1) ･ｸｰｯｮ･ｮｴｾ｡ｬ＠ term 10 to 10 sec • 
(ii) Oxidation of Hydrogen in Nitrous Oxide: 
The reaction of hydrogen with nitrous oxide to give nitrogen ｡ｾ＠
water has been studied ｳｰｯｲ｡､ｩ｣｡ｬｾ＠ throughout the history of the stuqy 
of gas phase combustion processes. ｈｩｮｳｨ･ｾｷｯｯ､＠ [ 13] investigated the 
reaction by follQwing the change in thermal conductivity during the 
reaction, and found that the reaction proceeded slowly enough to be 
explained by initiation by N2o decomposition followed by attack by 
oxygen atoms on the hydrogen. He seemed to be primarily interested 
in the catalytic reaction on platinum wire. Catalytic oxidation has 
been studied by a. number of workers (for example, Melville [ 14-], 
Kobes [ 15] ood T'tetiakov et al [ 16]). 
The most extensive study of the N20/H2 reaction was carried out 
by Melville [ 17]. He followed the reaction by absorbing the water 
vapour formed on phosphorous pentoxide contained in a side arm of the 
18. 
reaction vessel which projected out of the furnnce. Ha carried out 
elaborate experiments to show that water was absorbed as rapidly as 
i·l; was formed, and that he was measuring a rate of reaction and not a 
rate of absorption of water. Despite the fact that the method must 
have introduced peculiar wall effects and large temperature gradients 
the results obtained seemed reasonably self consistent and agree in 
most instances with the work that is presented in this thesis. 
Unlike Hinshelwood [ 13], ｾｾ･ｬ＠ ville found that the rate of reaction 
in the region 500 to 800°C was many times greater than the rate of 
decomposition of N2o alone. He showed that the rate was directly 
proportional to nitrous oxide concentration at high pressures 
()> 60 mm Hg) but at low pressures the rate depended on the square of 
nitrous oxide concentration. In both pressure regions the order with 
respect to hydrogen was low Ｈｾ＠ 0.5). 
Melville obtained an activation energy of about 32 kcal/mole for 
the reaction in the "high" pressure region but this increased to 49 
kcal/mole at low pressures. The addition of nitrogen and argon had 
no effect on the rate but packing the reaction vessel with silica tubes 
inhibited the reaction. 
The effect of adding ｯｾｧ･ｮ＠ to the reaction was ｩｾｶ･ｳｴｩｧ｡ｴ･､＠ and 
Melville mrutes the follovdng observations: 
In the high pressure region: 
i) oxygen considerably increases the rate. 
ii) rate is proportional to pressure of oxygen added. 
iii) oxygen is consumed in the initial stages 
iv) activation energy is lowered 
At low pressures: 
i) rate of a given H2/N2o/o2 reaction decreases with 
pressure. (.Above 50 mm this is not observed). 
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ii) packing experimerrts show inhibition by walls. 
iii) a critical point is observed in the reaction curves 
where the curves ｡｢ｲｵｰｴｾ＠ change slope. This is 
assigned to the pressure of the mixture falling below 
the critical value (due to withdrawal of ｷ｡ｴ･ｲＩｾ＠ ｾｮ､＠
is said to bear a strilcing resemblance to the lower 
limit in the H2/o2 reaction. 
A similar set of experiments were carried out using mercur,y 
photosensitization to initiate the reactiono A sullliililry of Melville's 
worlc is shown in Table 1.1. 
The effect of replacing hydrogen with deuterium (66%) in the 
catalytic [ 18) and Hg photosensitized reactions [ 19] was observed by 
Melville. He found that in the presence of a nickel catalyst hydro-
gen reacts about twice as fast as deuterium, but that no difference in 
reaction rate between hydrogen and deuterium is found in the Hg photo-
sensitized reaction. 
Later workers have confined themselves to studying explosion limits 
in the N20/H2 system and to studying reactions in N20/H2 flames. 
Fenimore and Kelso [ 20] claimed to be able 1JJ obtain reproducible 
explosion limits in ｎ Ｒ ｯＯｾ＠ mixtures (something Melville was unable to 
do) if great care was used in removing ｯｾｧ･ｮ＠ from the N2o used. They 
did this by passing N2o through ancaline pyrogallol and then drying the 
gas. They found that a minimum was obtained. in the graph of ignition 
pressure vs temperature for mixtures of fixed composition, and suggested 
that at higher temperatures (beyond the minimum) inhibition was due to 
the formation of the metastable species H02• They confirmed this 
conclusion by adding small amounts of oxygen which raised the explosion 
limits showing that the reaction was inhibited. To explain this 
inhibition Fenimore and Kelso added the reaction 
21. 
H + o2 + M ｾ＠ H02 + M 
to Melville's reaction scheme (v. infra). 
Destriau et al ( 21] extended the oomposi tion range of Fenimore 
and Kelso and showed that minima in the ignition pressure vs. 
temperature curves did not occur in hydrogen rich mixtures or in 
mixtures where the ratio of nitrous oxide to hydrogen was greater 
than 20:1. Destriau et al [ 22] showed that when ni trio oxide is. 
added to the ｎ Ｒ ｯＯｾ＠ system the explosion limits are substantially 
raised showing inhibition of the reaction chains by NO. 
In an attempt to investigate wall effects in combustion of 
gases Destriau and Heleschewitz ( 23] studied the effect of adding 
powdered silica and nickel oxide to the reaction vessel on the 
explosion limits of nitrous oxide/hydrogen mixtures. Their results 
appear inconclusive, the ignition pressures were raised or lowered 
(i.e. reaction inhibited or catalysed) depending on the relative 
proportions of hydrogen and nitrous oxide. 
A smal.l amount of work has been carried out on nitrous oxide/ 
hydrogen flames. Fenimore and Jones [ 24] using a probe technique 
with mass spectrometric analysis of products have obtained values 
for the rate constants of some of the elementar,y reactions involved 
in the combustion of hydrogen by nitrous oxide. Gray 1 Maokinven and 
Smith ( 25] claim that at the high temp.ere.tures that are involved in 
hydrogen, air, nitrous oxide flames, nitric oxide acts simultaneously 
as an inhibitor and as an oxidant and so resembles an inert diluent. 
In both the explosion limit and flame work, little or no evidence 
is produced to support a mechanism for the oxidation of hydrogen by 
nitrous oxide. Where it has been necessary to use a mechanism to 
evaluate a particular result Melville's mechanism has been assumed. 
The mechanism proposed by Melville is as follows: 
N2o ｾ＠ N2 + 0 
0 + H2 ---.) OH + H 
H + N20 
__, N2 + OH 
OH + ｾ＠ ｾ＠ ｾＰ＠ + H 
H + .H + ｍｾ＠ H2 + :M 
H+wall ｾｴｈ Ｒ＠
22. 
The initiation reaction is more complex than represented w1d involves 
bimolecular activation of nitrous oxide molecule. 
F' i \'\ .. ll'l "' 
W= : DID!l• •• this survey of work carried out on the oxidation of 
if- ｩｾ＠ 4 ik\-PtO\- \-o ｮｾ＠ ｜ｾＱＭＧ＠
hydr"ogen by nitrous ｯｸｩ､･ｾ＠ Cheek and Swinnerton [ 26] report a chain 
reaction between N2o and H2 in aqueous solution when the system is 
irradiated \rlth ultraviolet light. 
.API?iill.ATUS 
(i) Introduction: 
The main reason why so little work has been carried out on 
nitrous oxide/hydrogen and nitrous oxide/carbon monoxide reactions 
is that an adequate method for ｦｯｬｬｯ｜ｾｮｧ＠ the reactions did not exist. 
No pressure change accompanies· either of these reactions, Melville's 
method has inherent uncertainties about temperature gradient and wall 
effects, and the study of explosion limits (Fenimore and Kelso, Destriau 
et al) is not an easy way to obtain evidence for a reaction mechanism. 
Mass spectrometric analysis of reaction mixtures would be difficult 
in the N2o/CO reaction since reactants N2o and CO have the same masses 
as the products co2 and N2 respectively. Gas chromatographic methods 
suffer (as does mass spectroscopy) from the need to disturb the system 
by having to take individual samples. 
Ultra-violet spectroscopy has the advantage of not disturbing the 
system and of flexibility. However virtually all the reactants and 
products expected in these reactions are transparent up to the air out 
0 
off limit of about 1900 Ao Nitrous oxide exhibits a ｶ･ｲｹ ﾷ ｾ･｡ｫ＠ continuum 
0 
stretching from about 3000 A into the vacuum ultra-violet. At room 
temperature the absorption intensity is so weruc that measurement would 
be extremely difficulto However in a paper by J os t and others [ 12] 
mention was made that at the high temperatures obtained in shock-tubes 
the absorption intensity of nitrous oxide appeared to increase with 
temperature. This fact, plus the improvements made in recent years in 
the lamps, quartz and detectors used in ultraviolet spectroscopy, provides 
a strong case for using a spectroscopic method. 
A single beam optical system was chosen because although it is 
basically less stable than a good double beam arrangement, it is simpler 
to construct. The practical difficulties involved in mcl{ing an adequate 
._ ________________________________ ___ -
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double beam system with the 5 or 6 ft. light paths that were 
necessar,y and the more complex electronics that must be employed 
made it a less attractive proposition. 
A general view of the apparatus is shown in Plate 1 and a 
block diagram of the apparatus is shown in Fig. 1.2. A conventional 
gas handling system enabled gases to be prepared, stored, mixed and 
delivered to the reaction vessel. The reaction vessel was housed 
in a tubular furnace and was maintained at a constant temperature. 
Light from a deuterium lamp supplied by a stabilised power 
supply was collimated and passed through the reaction vessel and 
focused on the slit of a single prism monochromator. The light 
leaving the monochromator fell onto a· ｰｨｯｴｯｭｵｬｴｩｰｬｩ･ｾ＠ the output 
of ｷｨｩｯｨ Ｑ ｾｯｲｯ｡｡＠ n reaistor, .was ｾ･｡ｾｵｲ･､＠ with a potentiometric recorder. 
The change ｩｾ＠ light intensity during the course of a reaction is 
recorded automatically and related to change in nitrous oxide pressure 
by previous calibration. 
(ii) Gos Handling ｓｹｳｴ･ｾＺ＠
The layout of the vacuum system is shown in Figure 1.3. The main 
line is pumped at two points using a Metrovac two stage oil diffusion 
pump (type 022A) using Apiezon B oil backed by a Metrovac rotary oil 
pump (type GSlO). To protect the ｰｵｭｾ＠ from harmful gases and the 
line from pump oil, a liquid air trap was placed after the diffusion. 
pump and before the main line. Discharge tubes (D) were mounted at 
each end of the 1nain line to provide an indication of vacuum. Later 
a thermocouple vacuum gauge was obtained (Genevac ToC.5.). The 
ultimate pressure obtained on the line was about 10-4 torr, but to 
save time between runs pump out pressures in the order of 10-2 to 
10-3 torr were accepted. All taps were greased with Apiezon N grosse 
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and all cones and sockets with Apiezon L. 
The main line may be divided into three sections; gas preparation 
and storage, mixture ｰｲ･ｰ｡ｬｾ｡ｴｩｯｮ＠ and reaction vessel. 
The preparation lines enable gases to be prepared using standard 
'Quickfit 1 apparatus and to be purified by drying and distillation. 
A "hot and cold wall" drying trap is included in the preparation line 
so that more efficient drying of gas may be achieved than is ｾｳｵ｡ｬｬｹ＠
obtained using conventional cold traps. The trap is like a small 
Dewar flask with gases flowing between the inner and outer walls uhich 
are about 1 mm apart (see inset on Fig.1,3). The inner finger is filled 
with liquid air and the outer jacket surrounded by warm water. This 
trap is said to remove water vapour. that may escape conventional cold 
traps as a "mist" of ice particles. A full account of its mode of 
action is presented in reference 6. A 'blow off' completes the 
preparation line, which enables addition of gas to the five 5-litre 
storage volumes to be carried out under control. 
The mixing section has a 1-litre mixing vessel which contains a 
glass stirrer with a small bar of iron sealed in ito 
rotated by a magnet driven by a variable speed motor. 
The stirrer is 
A Topler pump 
was used to get small amounts of gas at low pressure into the mixer or 
reaction vessel at a higher pressure. In extreme cases it was neces-
sary to connect the pump to the laborator,y nitrogen supply in order to 
achieve the required pressures. 
The mixing section is equipped vdth two mercury manometers for 
pressure measurement. It also has two outlets to atmosphere to enable 
the attachment of extra mixingv.olumes , sample volumes, charcoal drying 
trap etc., to the line. 
The reaction vessel was made of clear quartz {by Thermal Syndicate 
Ltda) and was cylindrical, 10om long by 5 cm ·diameter. The ends were 
29. 
of polished speotrosil quartz which permitted the transmission of 
0 
ultra-violet light down to about 1600 A. The reaction vessel was 
prepared by cleaning in chromic acid mixture over night, rinsing vvith 
distilled water, ammonia, distilled water, phosphoric acid and repeated 
washings of distilled water. The phosphoric acid was used to protonate 
the silica walls, and was used instead of the more normally used 
hydrofluoric acid which would have slightly etched the optical windows 
thereby reducing the transparency to ultra-violet light. 
The reaction vessel was connected to the line via 3 mm capillar,y 
tubing and u black waxed BlO joint. A mercury manometer provided the 
means for pressure measurement. Gases were let into the reaction 
vessel by a diaphragm valve. The diaphragm was made of Viton 'A' 
rubber and gave better control of the addition of gases than glass 
stopcocks. 
(iii) Thermal Section: 
The reaction vessel is situated at the centre of a 2 ft. tubular 
furnace. The ends of the furnuoe are closed by two spectrosil discs 
to cut down temperature gradients. The furnace was controlled by an 
boEoio thermocouple temperature controller (type ｔｯｃｾＳＮＩ＠ with a 2 lew 
voltage power regulator. The ToC.3. is a fully proportional tempera-
ture controller for use with thermocouples. The controller provides 
for adjustment over 0 to 40 millivolts (smallest division 20 ｾｖＩＮ＠
A chromel/alumel thermocouple was used with the ToCo3• unit to 
control the temperature of the furnace. It was also used in conjunc-
tion with the millivolt setting on the input unit to measure the 
temperature of' the reaction vessel. The thermocouple was contained 
in a stainless steel sheath (2 mm diameter) and was supplied calibrated 
by M.E.L. Equipment Limited (T..vPe Thermocoax 2AB .At.20). It was 
...... ____________________________ - --
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situated touching the reaction vessel wall as shown in Fig.l.4. The 
cold junction was maintained at a constant temperature (app. 42°C) in 
an AoEoio Cold Junction Thermostat (Type CoJal.). A calibration graph 
of e.m.f. of the thermocouple versus temperature was constructed, after 
making ｮ･｣･ｳｳ｡ｾ＠ corrections for the thermocouple's individual calibra-
tion and for the temperature of the cold junction, from standard tables 
[38]. With the use of this graph the furnace could be set to any 
desired temperature by setting the millivolt adjustment on the TaCa3• 
unit to the thermo e.m.f. given by the thermocouple at that temperature. 
It is estimated thnt the absolute temperature of the reaction vessel is 
within 5°C of that calculated from the controller settings and that 
temperature differences (between two different settings) ｡ｾ･＠ well 
within l°C of those calculated. 
The furnace winding is tapped in two places mru{ing three sections. 
Each section is shunted with a rheostat, (FigJ.4]. Three chromel/ 
alumel thermocouples (Thermocoax 2AB At 20) are arranged along the 
length of the ｲ･ｾ｣ｴｩｯｮ＠ vessel. By connecting a galvanometer (Fye 
Scalamp 7901/S) across 1 and 3 and 2 and 4 in turn, the temperature 
gradient between the ends and centre of the reaction vessel could be 
measured. By a.l tering the shunts across the furnace winding so that 
more current is supplied to the outside sections than to the centre, the 
temperature gradient across the reaction vessel can be reduced to a 
minimum. In practice the temperature gradient along the whole length 
of the reaction vessel was never more than 1°C compared with 7° to 10°C 
before ｡ｾ＠ adjustment of the ｾｨｵｮｴ＠ resistors was made. 
Stainless steel sheathed thermocouples were used since it was felt 
that the junction would suffer less deterioration by being kept con-
tinuously at high temperatures tha.n would more normal unsheathed types. 
This would result in much greater long term stability. 
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(iv) Optiqal ｓｹｾｾＺ＠
The light path through the apparatus is shown in Fig.1 .. 5a.. Light 
from o. deuterium discharge lamp is ｳｵｰｰｾｩｯ､＠ by n stabilised pov.ror supl1ly. 
(Both the lamp and power supply unit were obtained from Unicam who use 
them in their SoPo 500 spectrophotometers. The power supply is claimed 
to have a current stability of o.ol%). The light is collimated by a 
5 em diameter, 15 em focal length convex mirror and passes through the 
reaction vessel. It is reflected by a plane mirror onto a 20 em focal 
length convex mirror (5 om diameter) which focused the light onto the 
slit of a single prism monochromator of low resolution. The light 
emerging from the monochromator falls on a photomultiplier whose output 
across a resistor is measured by a potentiometric recorder. 
The monochromator was constructed in the workshops of the Chemistry 
Department of this University. The ｬｾｯｵｴ＠ of the monochromator is shown 
in Fig .J.5b. The slit is constructed so that it defines both the light 
entering the monochromator and the light falling on the photomultiplier. 
The width of the slit is variable and the edges are made from two stain-
less steel razor blades 0Vilkinson)o After entering the monochromator 
the light falls on a 30 om focal length mirror which collimates the light 
and directs it onto .a 30° prism. The prism is nn de of s·peotrosil quartz 
and the back face is silvered which allows the light to be refracted 
through 60°,and also enables the collimating mirror to be used to focus 
the analysed light back onto the portion of the slit that covers the 
photomultiplier. A small mirror directs the. light onto the cathode 
of the photomultiplier. 
The prism is mounted on a turntable that may be rotated by a 
lever system operated by a micrometer screw ｣ｯｮｴｲｯｬｾ＠ The monochromator 
0 
was calibrated in the region 2700 to 1850 A using substances with known 
absorption spectra and in the blue end of the visible region using the 
r .- . -
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System. 
emission bands from the deuterium lamp. The calibration procedure 
is described in a later sectiono When the light path and monochromator 
0 
was first set up it was found that at short wavelengths ＨｾＲＲＰＰ＠ A) the 
majority of the signal from the photomultiplier was found to arise from 
n stray lightu rather than light at the set wavelength. Eventually it 
was found that incoming light ·was being reflected down the ground edges 
of the razor blade slits to the photomultiplier¥ By placing a small 
ｭｾｳｫ＠ of cardboard across the slit to mask the incoming light from the 
photomultiplier compartment, a substantial reduction in stray light 
was obtained. It was found necessary to cover the whole light path 
to prevent variations in photomultiplier current arising from the varying 
intensity of laborator,y illumination. 
a) Measurement of Light Intensity: 
The measuring circuit is shown in Fig.l6. The photomultiplier 
used is an E.Moio 6256B'. This is a high gain, 13 stage photomultiplier 
0 
tube \rlth a quartz window and has a response range from 1650 to 6500 A. 
Photons hitting the cathode (K) liberates electrons which are accelerated 
by the electric field between the cathode and the first ｾｯ､･＠ (1). 
These in turn liberate many more electrons which are further accelerated 
down the dynode ｾｾ｡ｩｮ＠ (1-13). By the time the electrons are collected 
at the anode (A) an amplification of many orders of magnitude of the 
original electron current is obtained. The gain of the photomultiplier 
is dependent to the fifth power of the voltage applied across the resistor 
chain, and it is necessary to use a highly stabilised high tension supply. 
The voltage drop across the resistor chain (normally between 1000 and 
1800 kV) is provided by an Isotope Developments Limited EoHoTo Unit 
type 532 for which the manufacturers claim output regulation of 0.02,% 
of setting change for± lo% mains change and n stability of ｯＮｯｾ＠ of 
setting per 24 hours. 
ｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ Ｍ Ｍ ｾＭＭＭ
,. : r< ", o • .• • • • "\ > } • • ( • ,•· , 
-..r:---;o------:----------:0 m 
-----..,.._.--..-=a- .......... 
I 
150 kJ\1 I 
each 1 E ｾ＠ ｈｾ＠ T. 
supply 
• A ＭＭＭＭｾ［ＺＩＭＭＭＭＭＭＭＭｉｾＭＭＭＺＭＮ＠ lS+een positve l 
-- --.., I - - ...; - - - -
. I 
I I 
I I 
I 
r-J - - - -- - - - - - -
.. •· 
: ｾ＠ - - - - - --- - - u· - Potentia met.ri c 
: : ｾ･｣ｯｲ､･ｲ＠
.. I I 
I a 
-- ' -- .1 . 
Decade Box ( 0 to ＹＹﾷＹｾｫａＩ＠
F i g: 1. 6 l i g h t In t e n s i t y M e as u r i n g C ir c u i t. ﾷｾ＠
: . " \ 
Fig: 1:7 Typical Calibration. 
0 24 May '66 
. 80 13 J u n r. '6 6 
70 .. 
60 
50 
20 · l,O · 60 B 0 ., 0 0 120 
. 35o 
:· 
36. 
The finnl electron current at ·the anode (A) is led to o. variable 
decade resistor (0 to 99.9 ｫｾＩ＠ and the voltage thus developed is 
measured by a Honeywell potentiometric recorder which enables the 
change in light intensity (as nitrous oxide is consumed) with time 
to be followed. The recorder is fitted with a continuously variable 
span control with which one can alter the sensitivity of the recorder 
from 1 mV to 21 mV full ｳ｣｡ｬ･ｾ＠ In practice it was found that the 
recorder could not cope with the decade resistor set greater than 
20 k ,Q. as its response became too sluggish. A resistance of lower 
than about 1 kJ\ meant that the photomultiplier was called upon to 
deliver too great a current. The sy stern therefore bad a sensi ti vi ty 
range of about 200 at a given EoHoTo setting. The recorder was also 
fitted with a control that could suppress the zero by up to 20 mV. 
0 
This enabled the stray light component (about 10 to 15% at 2200 A) 
of the photomultiplier signal to be "backed off" so that the instrument 
zero represented the zero in usable light. It could also be used to 
expand the measurement scale when low pressures of nitrous oxide were 
being measured. 
Noise levels were between ｾ＠ to 1% of the total signal and were 
due to electronic pickup from other components and to vibrations in the 
laboratory which were magnified by the long light path. Stability was 
at times not as good as desired; usually a gradual decrease in signal 
occurred during a day's experiments. This was probably due to the 
slow decrease in deuterium lamp intensity as the time that it had been 
switched on increased, and also to a small decrease in photomultiplier 
gain that occurred as the period of illumination increased. Invariably a 
partial recover,y of signal intensity was observed when the apparatus 
was switched on the next day. The drift in maximum signal was never 
more than about 5%, and usually much less, during the time of nn indivi-
37. 
dual run and correction could be made for this by measuring the 
light intensity obtained ｾｶｩｴｨ＠ the reaction vessel evacuated imme-
diately before and after a run and assuming a linear decline. 
The instrument was calibrated at least daily by putting known 
pressures of nitrous oxide into the reaction vessel, measuring the 
signals and expressing them as a percentage of the signal obtained 
when the reaction vessel was evacuated. Reproducibility between 
successive calibrations was good but a slow change wo.s noticod over 
the weeks due to the ageing of the deuterium lamp and photomultiplier1 
and to slow corrosion of mirror surfaces. The replacement of mirrors 
once every six months or so was found to be necessary. A typical 
calibration is shown in Fig 1. 7. The points from ｾｶｯ＠ calibrations are 
shown and it may be seen that reproducibility is good over the period 
of a month or so. 
The accuracy of measurement was about 2 rom Hg nitrous oxide in 
a "normal" calibration (i.e. where instrument zero was zero usable 
light intensity) which was used in the range 0 to 250 mm Hg nitrous 
oxide. .An "expanded" calibration, which was used for nitrous oxide 
pressures between 0 and 100 mm Hg, was bused on an arbitrary instru-
ｭ･ｾｾ＠ zero such that 100 om Hg N2o gave about 1q% scale reading, pro-
vided an accuracy of about 1 mm Hg nitrous oxide. The limit of the 
system for meaningful measurements was about 15 mm Hg of nitrous oxide 
at the start of a run. 
In order to measure the weruc chemiluminescence (103 to 104 times 
weaker than the deuterium light intensity) that occurred during nitrous 
oxide/carbon monoxide reactions, it was necessary to run the measuring 
system at the limit of its sensitivity. This inevitably increased 
instrumental noise and instability. An accuracy of no better than 
10% wns achieved in the measurement of glow intensity. 
·---- -\ 
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b) CaLibration of Monochromator: 
The problem involved in calibrating the monochromator was that 
0 
in the ultra-violet region below about 2700 A the intensity of the 
light signal dropped sharply 1uth decreasing wavelength (due to lamp 
drop off and increased scattering of light from mirrors, silica windows 
etc). It was therefore necessary to find substances that had very 
0 
sharp absorption bands in the region of interest (2700 to 1900 A). 
The following were chosen: 
2700 to 2300 A 5 x 10-3M Benzene in hexane 
0 
2300 to 2050 A 100 mm of nitric oxide in the reaction vessel 
0 
2000 to 1850 A Schumann-Runge bands of atmospheric ｯｾｧ･ｮｾ＠
The benzene solution was contained in a 1 em silica cell placed in 
the light path just in front of the monochromator slit. Benzene in 
0 
hexane exhibits a very sharp banded spectrum between 2700 and 2300 A. 
A spectrum run on a Unioam S.Po800 was used to locate the peaks. 
0 
Nitric oxide has an extensive spectrum progressing from 2300 A 
into the vacuum ultra-violet. It consists of a number of ver.y sharp 
bands of varying intensity and a spectrum published by Thompson, Hurteok 
and Reeves ( ｾＹ｝＠ was used to locate the peaks. 
0 
Oxygen shows a weak banded structure from about 2000 A which 
rapidly gains intensity as wavelength shortens. A spectrum published 
by Johnson ( 40] was used to locate the peeks and exact values of the 
band heads were obtained from Pearce and Gaydon [ 78]. 
The deuterium discharge lamp exhibits a series of emission peaks 
in the visible region of the spectrum. Such a spectrum was plotted 
by hand using the deuterium lamp of a Unicam S.Po500 and this was 
used to calibrate the monochromator in the blue region of visible 
spectrum. 
The calibration procedure adopted cons.isted in setting up the 
ＳＹｾ＠
light measuring system so as to provide n maximum signal near the 
start of the band system being used as a oalibrant, switching on the 
recorder and scanning manually towards the shorter wavelengths. In 
this way a rough spectrum wa·s obtained that could be compared with the 
published spectrum, and the peclcs identified. The peaks were then 
located exactly by rotating the prism until a minimum light intensity 
was obtained and the micrometer reading recorded. Each calibration 
peak was scanned three times and the average micrometer rending taken. 
There was never a difference of more than± 0.05 of a micrometer division 
｢･ｴｷｾ･ｮ＠ different readings in any one petik. This represents less than 
0 0 0 0 
± 5 A at 2800 A to less than ± 3 A at 2000 A. These must be regarded 
as maximum limits of error in the wavelength calibration. The calibra-
tion curve obtained is shown in Fig. l.B. 
(v) Gases Used: 
Nitrous oxide was obtained from the British O:xygen Company and 
was stated to comply with BritiSh Pharmacopoeia standards. It was 
used direct from the cylinder in the nitrous oxide/hydrogen work. No 
detectable impurities (except perhaps a small amount of water and 
possibly oxygen) could be observed by mass spectroscopic analysis. 
For the nitrous oxide/oru:•bon monoxide reaction, where very dry gases 
were required, the nitrous oxide was condensed in liquid air and then 
distilled from solid carbon dioxide with the first and last portions 
being discarded. Very carefUl mass spectroscopic ｾｾｬｹｳｩｳ＠ of the 
nitrous oxide showed tho.t less than 0. 01% water was present (the 
limit of detection). 
Carbon monoxide was prepared by dropping 'Analnr' sulphuric acid 
onto sodium formate (BoDoHa Laboratory reagent). Great care was 
taken to remove water. The sodium formate was dried at ll0°C over 
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night and was then placed in a 500 ml flaruc on the preparation line. 
It was pumped on for a number of hours before the preparation of 
carbon monoxide was begun. The carbon monoxide was passed through 
a drying chain that consisted of a soda lime column (which ulso removed 
co2 and acid spray), a liquid air trap, the interior of which contained 
copper foil to aid condensation of water vapour, and finally through 
the hot/cold wall trap that has boen described in an earlier part of 
this thesis. Again mass spectroscopic analysis showed less than 0.01% 
water. 
Carbon dioxide was prepared by cooling solid carbon dioxide in 
liquid air, pumping off uncondensed gases, and then allowing the 
carbon dioxide to ｳｵ｢ｬｩｾ＠ slowly. 
Hydrogen and oxygen were obtained from BoOoCo cylinders and used 
without further purification. 
Carbon tetrafluoride·, ni trio oxide and deuterium were obtained 
from Cambrian Chemicals Ltd. and produced by the Matheson Company. 
The deuterium was 98% pure. 
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NITROUS OXIDE/HYDROGEN REACTION 
EXPERIMENTAL 
The majorit.y of runs were carried out using pre-mixed gases. 
However a violent and damaging explosion occurred the first time a 
run was attempted (the reaction vessel was at too high a temperature) 
a.nd the early run.s were carried out by adding the reactants separately 
as a precaution. 
Adding reactants separately introduces uncertainty as to their 
initial concentrations since the second gas to be added sweeps some 
of the first gas present in the dead space into the reaction vessel. 
The pressure of the first gas would be slightly higher and of the 
second slightly lower than measured on the manometer. To estimate 
this discrepancy nitrous .oxide was placed in the reaction vessel and 
the absorption intensity was measured. Nitrogen was then added and 
the increase in absorption intensity measured. This increase showed 
the amount Of nitrous oxide swept out of the dead space and into the 
reaction vessel and was between 1% and 3% of the initial pressure. 
The majority of runs were carried out at 560°C. The activation 
energy was obtained from a series of runs carried out between 540 a.nd 
A run was carried out by setting the recorder zero (as described 
0 
previously) and recording the light intensity at 2200 A with the 
reaction vessel evacuated (trucen as lOQ% intensity). With the recorder 
still running the ( usuoJ.ly) pre-mixed mixture af' nitrous oxide, hydrogen 
and any additional gases was added as quickly as possible to the reaction 
vessel (about 10 sees). At the end of a run the ｲ･｡ｯｴｾｯｮ＠ vessel was 
evacuated and the recorder reading for 1110o% intensity" and for the 
zero was noted. Recorder readings at fixed time intervals (measured 
.l 
on the recorder time base) were expressed as percent of total light 
intensity, making, if necessary, corrections for zero and "lOO% 
intensity" drift during the course of a run, and converted to nitrous 
oxide pressures by the calibration curve. 
recorder trace from a typical run. 
Fig. 1.10 shows the 
RESULTS 
(i) Order of Reaction: 
The rate of ｲ･｡｣ｴｩｯｾ＠ for mixtures of nitrous oxide/hydrogen is 
about 500 to 1000 times greater than. the decomposition of nitrous 
oxide nlone. Fig. 1.11 shows typioal ·reaction curves that were 
obtained and also for comparison the thermal decomposition of nitrous 
oxide. The nitrous oxide decomposition curve is calculated from 
data obtained at 700°C during the investigation of the N2o/CO reaction 
(Runs 93 to 98 in Appendix 1.2), assurrdng an activation energy for 
N20 decomposition of 58 kcal. These curves show that reaction rate 
is only slightly dependent on hydrogen. In the case where nitrous 
oxide is in excess it will be seen that the reaction proceeds at a 
moderate rate until almost all the hydrogen has reacted when the 
reaction abruptly stops. In a.11 cases where excess nitrous oxide 
was present it was found that1 within the limits of experimental error, 
the reaction stopped when the ｳｴｾｾｯｨ･ｭ･ｴｲｩ｣＠ amount of nitrous oxide 
had reacted. 
The reaction order with respect to nitrous oxide and hydrogen was 
obtained from series of runs in which the initial pressure of one 
reactant (say H2) was held constant whilst the pressure of the other 
(say N2o) was varied. Graphs of the logarithm of the initial rate 
against the logarithm of reactant pressure (N2o) gavo straight lines 
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45!1 
whose slope is equal to the reaction order (e.g. Fig. 1.12.). 
Tables 1.2 show the orders of reaction obtained at 600°C and 
The etTor limits give an indication of the uncertainty 
in drawing straight lines from plots of log initial rate versus log 
reactant pressure due to the scatter of the experimental points. 
(In these tables and throughout the rest of this thesis the symbol 
[ ] represents pressure; [ ] 
0 
initial pressure, [ ] t pressure at time 
t and so on). It can be seen that the reaction is approximately 
first order in nitrous ｯｸｩ､･ｾ＠ There is a tendency, at low pressures, 
for the order in nitrous oxide to increase. The ｩｮｩｴｩｾｬ＠ reaction 
rate is not ｾ･ｲｹ＠ dependent on hydrogen pressure and the order of 
reaction with respect to hydrogen is between 0.2and0.3. There may 
be a slight trend for the order in hydrogen to decrease as the tempera-
ture is raised but the results are not accurate enough to establish this. 
The apparent increase in nitrous oxide order at low pressures 
suggested a more thorough investigation of the order of reaction at 
low pressures. Accordingly a series of runs, in which the total 
pressure did not exceed 60 rom Hg, were carried out to determine the 
order of reaction at low pressures (Melville [ 17] differentiated between 
a high and low pressure reaction). Experimental errors inherent in 
determining initial rates coupled 'vith the low dependance o£ rate upon 
hydrogen prevented any accurate estimate of order with respect to hydro-
gen in this region. Within experimental scatter the initial reaction 
rate nt constant ( N2o] 0 remained constant with oho.nging hydrogen pressure 
(Runs 174 to 191, Appendix 1.1) and it must be concluded that the 
reaction at low pressures is approximately zero order in hydrogen. 
The results obtained from investigating the reaction order with 
respect to nitrous oxide at low pressures are shown graphically in 
Fig. 1.12 which is a plot of log initial rate against log initial 
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Table 1.2 Order of reaction from initial rate data 
a.) at 600°C. Runs 34 to 67u. 
Constant .r N2o] 0 Order w.r.t. H2 
204 mm Hg 1.1 .± 0.1 ｾＲＰ＠ mm. Hg 0.20 ± O•l 
153 1.0 ± O.l 92 0.20 :t .05 
102 1.0 .±. 0.1 ｾＸＰ＠ 0.15 .± 0.1 
51 1.3 ± 0.2 4J. 0.21 ± .os 
26 1.3 .± 0.3 
b) at 560°C. Runs 68 to ＱＰＰｾｾ＠
Consta11t [ H2] 0 Order w.r.t. N20 Constant [ N2o] 0 Order w.r.t. H2 
205 nun Hg 0.9 ± 0.1 205 mm Hg 0.25 j; .os 
154 0.9 .1 o.1 ｾＱＲＰ＠ 0.30 :!: 0.1 
102 1.0 ± o.1 102 0.23 .± .os 
51 1.3 .:!;. 0.3 :£ 80 0.33 .t o.1 
26 1.6 .± 0.3 
* These values were obtained from the runs investigating the order of 
reaction with respect to N2o, by taking two arbitrary nitrous oxide 
pressures (120 and 80) and determining the initial rate from the graphs 
of' log initial rate versus [ N20)c.s• 
:iS£ See Appendix 1.1 for sununary of runs carried out. 
J 
> 
nitrous oxide pressure. The solid line represents second order 
behaviour (i.e. has a slope of 2). There is no real trend in the 
rates of reaction at different hydrogen pressures ·which confirms 
the approximate zero order in hydrogen. The scatter of results 
in an indi vidunl series of runs at constant [ M2] b arises from the 
experimental inaccuracies of measuring small nitrous oxide pressures. 
ｗｾｬｬ＠ termination of the reaction chains is more likely at low pressures 
and slightly changing wall conditions could be partly responsible for 
the erratic nature of the results. 
a) Experimental rate equation: 
It is convenient on the evidence just presented to consider the 
nitrous ｯｸｩ､･Ｏｾ､ｲｯｧ･ｮ＠ reaction in two parts: 
A "high pressure" reaction at total pressures above about 100 nun 
Hg which is, at least in the early stages of reaction, first order in 
N2o and about 0.25 order in hydrogen. This ｭｾ＠ be represented by 
ｾ Ｍ､ＨｎＲＰ｝＠ ｾ＠ = k [N o][H ]0.25 (A) dt A 2 2 0 
A "low pressure" reaction at total pressures below about 60 mm Hg 
which is second order in nitrous oxide and of negligible \_order in 
hydrogen 
ｾ Ｍ､｛ｎ Ｒ Ｐ｝＠ ｾ＠ 2 = kB [N2o] dt 0 (B) 
Figures 1.13a and b show the results from all runs carried out at 
560°C, in which the reaction mixture contained solelY nitrous oxide and 
hydrogen, fitted to expressions A (runs with a. total pressure > 100 mm 
Hg) and B (runs with a total pressure ｾ＠ 60 mm Hg). 
(• "' 
The straight line 
in each case is the least squares fit. There is good agreement in the 
"high pressure" reaction and shows that the reproducibility over the 18 
month period in which experiments were carried out was good. The fit 
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for the low pressure runs is not so good. The initial rate data in 
this region is not as reliable as in the high pressure reaction since 
the nitrous oxide pressures measured were much smaller. It must be 
accepted that there must be a small contribution to the reaction order 
from hydrogen. It is also likelY that the condition of the reaction 
vessel walls changed during the course of experiments, and there 
｡ｰｰｯ｡ｾｳ＠ a slight trend for the initial reaction rate to have increased 
in later runs. 
The "rate constants" kA and kB obtained from Figures l.:t a. and b are 
-2 kA at 560°C = 5.48 ± .21 x 10 
kB at 560°0 = 2.61 ±. 0.11 x 10-3 
d . H . -l "t expresse 1.n mm g.nnn uro. s. The error limits are the standard 
deviation of the experimental points about the least squares line. 
If the activation energy of 62.5 keel for both the tthigh" and "low" 
pressure reactions is considered the experimental rate equations become: 
for pressures,>' 100 mm Hg, and 
for pressures < 60 mm Hg. 
(ii) Tentative Reaction Mechanism: 
The N20/H2 ｲｾｾｯｴｩｯｮ＠ is clearly a chain reaction with a chain 
length of about 500. Any proposed mechanism must explain the change 
in reaction order with decreasing pressure. 
The most likely initial process would be the formation of' oxygen 
51 .. 
atoms from the thermal decomposition of nitrous oxide .. This is a 
｣ｯｭｰｬｾ＠ process but may be represented by: 
(1) 
At 560°C the reaction of oxygen atoms with N2o to give either nitric 
oxide or oxygen and nitrogen would be very slow (Kaufman [ 5] , Reuben 
[ 6], Hinshelwood [ 2]) and reaction (1) will almost certainly be 
followed by: 
0 + H2 ,_.., -) .... OH + H 
and the chain propagating steps 
H + N2o ----7 N2 + OH 
OH + ｈ Ｒ ｾｈ Ｒ ｯ＠ + H 
(2) 
(3) 
(4) 
At this stage, for simplicity, only chain terminations involving 
hydrogen atoms will be ｣ｯｮｳｩ､･ｲ･ｾｳｩｮ｣･＠ hydrogen atoms have a much 
higher molecular velocity than any of the other free radicals. 
H+H+M ---:3> H2 + M 
H ｾｗ｡ｬｬ＠
(5) 
(8) 
Applying Bodenstein's ｳｴ･｡ｾ＠ state approximation the rate of 
reaction is given by: 
-d[ N2o]/dt ::; k1[ N2o] + 1c3[ N2o][ H] 
and the expression for hydrogen atoms 
(The rate constant for a reaction, numbered n , is represented by k · ) • 
lil· 
At high pressures the gas phase termination process, 5, would be 
expected to predominate. If the wall termination process is neglected 
(c) 
The third body term [ M] can be regarded, as an approximation, a.s 
ＵＲｾ＠
proportional to the nitrous oxide pressure. Expression C is therefore 
1st order in nitrous oxide and zero order in hydrogen. This approximates 
to the behaviour of the high pressure ｾ･｡｣ｴｩｯｮＮ＠ The fact that the 
overall rate is about 500 times faster than the N2o decomposition shows 
that the first tetm is negligible in comparison with the second, and it 
may be ignored. 
At low pressures the probability that hydrogen atoms ｷｩｾｬ＠ be destroyed 
by termolecula.r step 5 before they reach the reaction vessel walls is 
The rate equation, neglocting qundratic terminatlion, 
bocomos se·cond_ orc1er in. nitrous oxide if tho first term is neglected. 
-d( N20)/dt = k1[ N2o] + k3k1t N2o] 
2 
k8 
This is what is found in the "low pressure" reaction. 
(D) 
ｾ､ｲｯｧ･ｮ＠ contributes as a third body in both the initial step 1 
and gas phase termination 5, and so expressions C and D would be expected 
to show some hydrogen dependenoeD Other termination processes 
undoubtedly occur which lead to more complicated rate equations. The 
expressions above appear to account well for the change in the order of 
reaction with pressuro and provide a basis for further elucidation of 
the mechanism, which in its present form is ver.y similar to that of 
Mel. ville. 
(iii) ｉｮｾｾ Ｍ Gas Effects: 
The addition of inert gas provides a method of testing the hypo-
thesis that the change in reaction order with pressure represents a 
change from chain termination occurring predominantly in the gas 
phase to termination at the reaction vessel walls. 
The initiation step (1) is a complex reaction which may be 
represented: 
53. 
(o) -
(1') 
where ｎ Ｒ Ｐｾ＠ represents a nitrous oxide molecule with sufficient energy 
to undergo the decomposition step 1 1 , and Many other molecule in the 
system. 
Addition of an inert gas would 
i) increase the rate of initiation 
ii) increase quadratic termination 7 and 
iii) decrease wall terminations. 
In the region where gas· phase termination is important i) and ii) would 
compete and the reaction rate should not alter much. In the region 
where wall termination predominates, i) and iii) would be complementary 
resulting in an increase in reaction ｲ｡ｴ･ｾ＠ The region of second to 
first order change should therefore occur at lower pressures of reactants. 
The effect of adding carbon dioxide and carbon tetrafluopride to 
reaction mixtures was investigated. Carbon dioxide is isoeleotroniu:n:td. th, 
body11 properties to nitrous oxide. The water gas reaction at these 
temperatures is too slow to interfere with the reaotiono In a recent 
investigation Tingey [58] obtained an overall rate equation for the 
coz!H2 reaction of 
d[ CO]/dt 
Ｈｭｯｬ･ＮｾＭｬ＠ sec-l units). This predicts a rate 102 to 103 slower than 
the N20/H2 reaction at 560°C. 
The half-life data plotted in Fig 1.14 for 1:1 mixtures of N20 
and H2 ｣ｬ･｡ｲｾｹ＠ show the change from first to second order at around 
100 mm total pressure. A graph of log half-life ｾ＠ against 
log pressure of reactant at half reaction [N2o] ｾｨ｡ｳ＠ a slope equal 
to (1 - Order of reaction). The addition of 50% carbon dioxide to 
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the reaction mixture indicates that a small extension of the first 
order region occurs but the experimental points are too scattered for 
a firm assessment to be made. The addition of 5o% CF4 extends the 
first order region markedly and ｾｶ･ｮ＠ at the lowest pressures second 
order kinetics are not attained. There appears to be a slight increase 
in the rate of the first order reaction with the addition of inert gases 
and a greater increase in the rate of the second ｯｲ､･ｲ Ｎ ｾ･｡｣ｴｩｯｮＮ＠
(iv) IsotoEe ｅｦｾＮＺ＠
The rate equations (C and D) derived from the tentative reaction 
scheme contain the propagation step 
in competition with the termination steps 
H+H+M ') ｈｾ＠ + M 
H -7'-Wall 
(3) 
(5) 
(6) 
If hydrogen is replaced by deuterium reaction 3 would be slower 
as D atoms have a lower velocity than H atoms and would result in the 
overall reaction being slower. The termination reactions would also 
be slower with deuterium, this would make the reaction proceed faster. 
The two effects would tend to cancel out and little or no isotope 
effect would be expected. 
A series of runs were carried out in which a reaction with hydrogen 
was followed by a reaction with deuterium with the same conditions of 
mixture composition and pressure (Runs 296 to 335). In this way it 
was hoped that reaction vessel conditions would be as near as possible 
the same for each pair of reactions. The ratio of the overall rate 
constants for the hydrogen and deuterium reactions (kH2/kD.2) were 
calculated using the method described in Appendix 1.2. This method · 
employs the whole reaction curve (not just initial rate) and serves as 
56. 
a test to determine if the two reactions obey the same form of rate 
equation. The isotope effects obtained are shown in table 1.3. 
In all cases (except one) the deuterium reaction is slower than 
the comparable hydrogen reaction. A small positive isotope effect 
is observed which is smaller than the normal primar,y isotope effect 
usually observed in reactions involving the brerucing of an X-H ｢ｯｮ､ｾ＠
It must be observed that in runs with stoiohemetric concentrations of 
nitrous oxide and hydrogen and those with excess ｨｹｾｯｧ･ｮ＠ the isotope 
effect remains essentially oousta.nt o:ver too en tiro ppoasure rnnc;o ( nbout 
1.59 and 1.32 respectively), but when nitrous oxide is in excess the 
isotope effect is constant at high pressures (1.54) and decreases to 
unity at low pressures' 
The initial rates of the deuterium reactions fit the experimontal 
rate equations for the "high and low" pressure reactions moderately 
well Ｈｆｩｧｾ＠ 1.15). The slopes (from least squares approximation) give 
rate ｣ｯｮｾｴ｡ｮｴｳ＠ (units of rom Hg ｾ＠ min-1 ) 
k.A (high pressure) 
kB (low pressure) 
. -2 
= ＲｾＳＱ＠ z. 0.23 X 10 
= 2.28 ± 0.11 X 10-3 
This provides an alternative means of estimating the isotope effect and 
gives values of 
ｫｾｴｄ＠ (high pressure) = 2.36 
and krr/lcn (low pressure) = 1.14 
These differ slightly from the picture obtained from the ratios of 
individual rate constants but serve to accentuate the result that at 
low pressures the isotope ･ｾｾ･｣ｴ＠ approaches unity. 
(v) Effect of O;ygen 
ｆｾｮｩｭｯｲ･＠ and Kelso [20], u&ng alkaline pyrogallol washed gases, 
observed inhibition of the nitrous oxide/hydrogen explosive reaction at 
Table 1.3 Isotope Effects in N20/H2 Reactions 
Ratio_ ｾ Ｒ ＰＺｈ Ｒ＠ Total pressure . kH2 I kn2 
3:1 200 mm Hg 1.54 
147 1•.54 
100 1.54 
67 i.l1 
40 1.09 
. 20 1.;'00 ｾＭＭＭﾷＭｾｾｾＭＭｾｾｾﾷＭＭＭｾＭＭＭｾｾｾＭＭＭｾＭＭＭＭｾＭＭＭＭｾＭＭＭＭｾＭｾｾＭｾＭｾ＠
1:1 300 
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60 
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1.59 
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high temperatures ( > 800°0) which they ole.imed wa.s due to tte formation 
of molecular ｯｾｧ･ｮＮ＠ They also found that inhibition occurred if small 
amounts of o:xygen were added. This result was in apparent contradiction 
to Mel ville's observ.ation that the addition of o:xygen markediy catalysed 
the slow rea.c tion [ 17] • 
In an attempt to resolve this contradiction and to gather, if possible, 
evidence for the chain termination reaction suggested Fenil:J.$re a.nd . Kelso 
of 
a series of runs were carried out in which varying amounts of oxygen were 
present. Pre-mixed gas mixtures were used and at o:xygen concentrations 
greater than about 2% the initial reaction was so fast that appreciable 
amounts of nitrous oxide were consumed in the short time tclcen for the 
reaction mixture to be admitted to the reaction vessel. ·when oxygen 
comprised 4% or more of the reac-tion mixture a "kick" was observed on 
the manometer as the gases were admitted to the reaction vessel showing 
an explosion had occurred. 
Fig. 1.16a illustrates the main features obtained when oxygen is 
The results shown are for a 1:1 mixture or 
N20/H2 to which increasing amounts of oxygen were added. In each run 
the initial pressure of nitrous oxide was 50 mm Hg. Two features are 
apparent: 
i) the initial rate of reaction is markedly increased as 
increasing amounts of oxygen are added. 
ii) after the initial increase in rate (after 1 to 2 mins) the 
reaction is inhibited. This is especially marked in the runs with 
;> 1.7% oxygen and the reactions in which noticeable explosions occurred 
(e.g. Run 245) on admitting gases to the reaction vessel take place at 
a ver,y slow rate. 
. ' 
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In this system oxygen acts both as a catalyst and an inhibitor. 
The inhibition observed could be explained by the chain terminntiion 
step (as suggested by ｆｾｩｭｯｲ･＠ and Kelso), 
H + 02 + M --)- Ho2 + M 
since water, which is a product of reaction, is about on order of 
magnitude more efficient us a third ｢ｯｾ＠ than the other molecules in 
the system (vide Schofield's tabulation of rate constants [59]). The 
addition of wnterJto reaction mixtures containing o2Jin concentrations 
up to about 20% of total pressure produced neither a noticeable reduc-
tionin tho initial rate of reaction nor an increased inhibition in the 
later stages (Fig. 1.16b). This tends to be evidence against the H02 
forming termination since inhibition starts to occur after about 10 mm 
H2o has been formed (i.e. app. lQ% water). The results shown must be 
treated with some caution. The point at which inhibition is observed 
depends to some extent on how much reaction occurs as the gases ure 
admitted to the reaction vessel, even using identical mixtures it was 
difficult to obtain reproducible results. The runs containing water 
(294 and 295) follow the behaviour of the reaction without water (293) 
ｦ｡ｩｲｾ＠ well in the first ｾ･ｷ＠ minutes.of reaction. In the latter stages 
however Run 294 appears to become faster and joins the reaction curve 
for the uncatalysed reaction (291/2). This was probably due to an 
instrumental fault but this was not noticeable when the recorder trace 
was analysed. 
The abrupt change in rate after about 1 minute of reaction sugges-
ted that the added oxygen was quickly used up possibly producing an 
inhibitor. .An attempt was made to f'ollow the "fate" of molecular 
oxygen during the reaction by taking samples of the reaction mixture 
at different ｲ･ｾ｣ｴｩｯｮ＠ times and analysing them mass spectrometrically. 
The procedure adopted was as follows: 
i) a known amount of ｯｾｧ･ｮ＠ was added to the reaction vessel. 
ii) a 1:1 mixture of N20/H2 was let rapidly into the reaction 
vessel. This swept most of the ｯｾｧ･ｮ＠ in the dead space into the 
reaction vessel. 
iii) the reaction was allowed to proceed for 1 minute arrl then the 
reaction vessel was opened to a 50 m1 sample volume on the line. 
This procedure was repeated for 8 and 20 minute reaction times. 
The contents of the sample volume were analysed mass ｳｰ･ｯｴｲｯｭ･ｴｲｩ｣｡ｬｾＮ＠
The results compared with ublank" runs which ho.d been sampled in an 
identical manner but in which oxygen had been omitted. The results 
obtained are shown in Table 1.4D The sampling method is unsatis-
factory in that unreacted gas mixture in the dead space is swept into 
the sample volume before the contents of the reaction vessel. 
It can be seen from Table 1.4 that contrary to expectations oxygen 
is apparent throughout the whole of the reaction period. With the 
reaction conditions used between 30 and 4Q% reaction occurred before 
the first (1 minute) sample was taken. If ｯｾｧ･ｮ＠ had been consumed 
during this period ver.y little would have been detected and the 
appro:ximately linear reduction in o:xygen peale height would not be 
expected. 
To check the sampling technique it was arranged for the nitrous 
oxide concentration in the reaction vessel to be measured at the sample 
time. A plot of N2o peruc height against N2o pressure was found to be 
linear with a positive intercept which corresponded to the amount of 
unreaoted nitrous oxide swept out of the dead space. 
that the ｯｾｧ･ｮ＠ contribution is almost negligible. 
(vi) Effect of Nitric Oxide: 
It will be noted 
In ｳｴｵｾｩｮｧ＠ the explosive reaction of N20/H2 mixtures both Fenimore 
Table 1.4 Mass Spectrometric analysis of oxygen catalysed reaction 
(N2o) at Peak Heights ( ｡ｲ｢ｩｴＡｴｾ｜｡＿ｾ＼ Ｍﾷ＠ ,m1i t ·s·) 
Run Sample Time Sample Time 02 N2o ·t'k 0 
·2 
259 1 min Not measured 35 261 171 
260 8 II 28 146 184 
261 20 u 12 l4J. 182 
26·2 1 4J..5 nun Hg 0.6 360 64 
263 8 22.3 0.4 255 60 
264 20 9.2 o.6 189 111 
-
Please note i) 259 to 261 Runs with app. 3% 02 
262 to 264 "blo.nk" Runs, no oxygen. 
ii) peale heights can only be regarded as being approximately 
related to the concentrations of molecules in the reaction 
vessels. 
iii) the two series of runs were carried out on two different 
days, and uncertainty about the behaviour of the mass 
spectrometer on the two days preclude direct quantita-
tive comparison of peak heights between the two sets 
of results. 
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and Kelso [ 20] and Destrinu and No.vailles [ 21] obtained minima in their 
explosion limit versus pressure curves. Typically the minimum occurred 
in the region of 800°C and was more pronounced in nitrous oxide rich 
mixtures. Fenimore and Kelso, as was mentioned in the previous section, 
attributed the raising of the explosion limit above 800°C to the chain 
termination involving hydrogen and molecular oxygen. It must be borne 
in mind however that at these temperatures appreciable amounts of nitric 
oXide would be formed by the thermal decomposition of N2o. 
At the temperatures at which this present work was carried out 
little or no ni trio oxide "ITOuld be expected to be formed and the 
reaction proceeds at a moderate rate. An explanation is needed to 
account for the inhibition observed after the initial stages in the 
ｯｾｧ･ｮ＠ ｣｡ｴ｡ｾｳ･､＠ reaction. The addition of nitric oxide to the N20/H2 
reaction would be expected to inhibit the chain reaction as the propaga-
ting radicals could react with the NO. A sequence of reactions such 
as studied by Clyne [ 112]would be expected to occur. 
H + NO + M ---7' HNO 
H+HNO ｾｎｏＫｈ Ｒ＠
plus two minor reactions 
HNO + HNO --7 H2o + N2o 
HNO + NO --7 OH + ＡｾＰ＠
A similar set of reactions probably occur with the OH radicalo In each 
case chain termination truces place followed by regeneration of the nitric 
oxide. 
By observing the effect of adding small amounts of NO to mixtures 
of N20/H2 the role of nitric oxide as an inhibitor could be studied. 
The runs were carried out in duplicate and average reaction curves 
were drawn. By comparing these curves with the comparable ones from 
the uninhibited reactions the ratio of the overall rate constants for 
the uninhibited and inhibited reactions were determined (see Appendix 
1.2 for details of the method). The results obtained are summarised 
in Fig. 1.17a in which the ratio of rate constant for tqe inhibited 
reaction to that of the uninhibited Ｈｫｎｯｾ｣＠ normal) is plotted against 
the percentage of nitric oxide in the mixture. The inhibitor,y effect 
of nitric oxide is about the same for N20/H2 ratios of 3:1 and 1:1 but 
is greater in mixtures with excess hydrogen (1:3). 
It is worth noting that the plots from which the rate constant 
ratios were obtained were linear over the reaction period. This 
indicates that the reaction curves for the inhibited and uninhibited reactions 
were congruent over the experimental range (up to about 2o% total 
reaction). The inference that may be drawn is that the ni trio oxide 
concentration remains approximately constant during the course of 
reaction, which is what was predicted by the postulated inhibition 
mechanism. It may be seen from Fig. 1.17b that the inhibited reaction 
1 
is approximately proportional to ｛ｎｏ｝ｾ＠ (the actual values from graph 
ｾＴ＠ ｾＵ＠1.17b are, [NO] • for 3:1 ｡Ｎｮｾ＠ 1:1 mixtures and [NO] ｾ＠ for 1:3 
mixtures). The pqstulated inhibition mechanism may be considered 
as an overall ｰｲｾ｣･ｳｳ＠ of: 
2H + NO + M ki ., H2 + NO + M 
If this is added to the tentative reaction mechanism the rate of reaction 
is given by 
(E) 
compared with 
(D) 
for the uninhibited reaction. The inhibited mechanism is -i order in 
· ..: · . . · 
a). ｴｾ＠ it r i c 0 >t i d e I n h i. b i t i o n ｾ＠
0 ｴＭＭＭＭｾＭＭＭＭｾＭＭＭｾﾷＭＭＭＭｾＧＭＭＭＭｾＧＭＭｾｊ＠ 1 2 3 fo 5 6 
b)o Orde.r of Inhibition· Reaction. 
2.a . 
---' ;.a . 
ni trio oxide. As the NO inhibition experiments progressed slight 
"tailing" of the mercury in the reaction vessel·manometer was observed. 
This was due to attack by No2,small amounts of which must be formed by 
ｯｾｧ･ｮ＠ atom reaction with nitric oxide. 
(vii) Activation Energy: 
According to Melville the high and low pressure reactions possess 
different activation energies (32 kcal and 49 kcal respectively). Both 
values are lower than the generally accepted value of 58 kcal for the 
thermal decomposition of N2o. If these values are correct two 
completely different mechanisms must be expected for the high and low 
pressure regions 1 and an initiation mechanism other than the production 
of oxygen atoms by unimolecular N2o decomposition must be considered. 
-- ------- , 
A stuqy of both the high and low pressure reactions over a tenpera-
ture range 540 to 593°C and ｭｩｸｴｾｲ･＠ compositions 1:3, 1:1 and 3:1 
N20/H2 was made. Arrhenius plots using both initial rate and half 
reaction time data were drawno The experimental points were badly 
scattered but the activation energy obtained was the same, within the 
limits of experimental scatter, in both the high and low pressure 
reaction regions. A more satisfaotor.y method of determining the 
activation energy was to plot the logarithm of the ratio of the overall 
rate constant at different temperatures and the rate constant at the 
"standard" temperature of 560°C (k.iflc560) for the different mixtures 
against reciprocal temperature. This had the advantage that the 
whole reaction curve was taken into account (not just one point as 
with initial rate and half-life data) and that the results from all 
mixtures were normalised permitting them to be plotted on a single 
graph. The Arrhenius plot obtained is shown in Fig. 1.18. There 
is still considerable scatter but it can be seen that there is no 
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difference in activation energy between different mixtures or the 
high and low pressure reactions. The activntion energy obtained 
from ｾｾ｡＠ least squares fit is 62.5 kcal mola-l with a standard 
deviation of ± 2.1 kcal. This value is slightly higher than that 
for the nitrous oxide decomposition. 
DISCUSSION 
In the preceding section tentative proposals were put forward to 
explain some of the experimental results. These proposals enabled 
further experiments to be constructed to yield more information of 
the reactions involved in the combustion of qydrogen in nitrous oxide. 
This discussion collects the experimental evidence and explains the 
experimental results more fully. 
(i) Reaction ｍ･｣ｨ｡ｾＺ＠
lmy mechanism must explain the experimental result that the order 
of reaction changes from first to second order in nitrous oxide as the 
pressure is lowered o.nd that the order with respect to ｨｹ､ｲｯｧ･ｾ＠ .. is low 
throughout. The inert gas effects support the hypothesis that the change 
in order is due to a change from quadratic chain termination in the gas 
phase to chain termination on the walls of the reaction vessel. The 
ｴ･ｮｴ｡ｴｩｾ＠ reaction mechanism proposed in the results section embodies 
these features. To recapitulate: 
N20 ...-..} N2 + 0 
0 + H2 • ｾ＠ OH + H 
ｾ＠ H + N20 ---7 N2 + OH 
·OH + H2 ｾ＠ H2o + H 
ｈＫ Ｎ ｈＫｍｾｈ Ｒ Ｋｍ＠
H ---j Wall 
The overall reaction rate is given by: 
-d[ N2o]/dt = k1[ N20] + k 3[ N2o][ H] 
ｓｴ･｡ｾ＠ state treatment gives 
if wall termination is neglected, and 
(1) 
(2) 
(3) 
(4) 
(5) 
(8) 
(F) 
(C) 
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2 
-d[N2o]/dt = k 1( N20] + k 3k 1(N2o] 
ka· . 
if only wall termination is considered. 
(D) 
The test of any reaction mechanism is whether it provides sensible 
agreement with the experimental results when the rate constants for the 
individual steps are substituted into the final rate equation. Over 
the last ten years a large amount of data has been collected on the 
rate constants of individual reactions. Table 1.5 gives the published 
rate constants of the main reactions considered in this discussion. The 
majority of these were obtained from a. recent article by Schofield { 59] 
in which a large nunfuer of rate constants for reactions involving atmos-
pheric neutral species hnve been collected and evaluated. 
The value of the rate constant for the initiation reaction was estimated 
approximately from runs carried out during the investigation of carbon 
monoxide oxidation. ｾｴ＠ 700°C an initial rate for the decomposition of 
nitrous oxide (100 mm Hg) was found to be 7.7 mm Hg. min-l (Runs 96,171, 
176, appendix 2.l)o In the initial stages of decomposition every nitrous 
oxide molecule decomposing results in another molecule reacting (Reuben and 
.Linnett [ 8]} o 
viz. (1) 
thus the measured rate is approximately trvice that of the ､･｣ｯｾｰｯｳｩｴｩｯｮ＠
step (1). An approximate value for the pseudo first order rate constant 
in min-l is therefore obtained by dividing the observed rate by (2 x 
initial pressure x 60). If this value is coupled with the experimentally 
observed activation energy of 57.8 kcal (vide section ､･ｾｩｮｧ＠ with N20/CO 
reaction) the rate constant for reaction (1) is given by: 
kl = 6.30 X 109 exp (-57.8/RT)o 
L..-------------------------------------- -- -- -----
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Table 1.5 Rate Constants for N20/H2 Reaction 
(all units in cm3 molectue-1 sec-1 unless otherwise stated) 
Renction 
7. OH+OH+M ｾ＠
H202+M 
or· Hz0+0+M 
8. H --7 wall 
.. 11. O+O+M ....w). 0 2+M 
Constant 
6.} x ｬｏｾ･ｾＨＭＵＷＮＸＯｒｔＩ＠
-1 
sao 
-11 ( ./ ) 2.1 x 10 exp -9.40tRT 
2 X. lo-32 
(H as 3rd body) ｾ＠ -2 -1 om ｭｯｬ･ｯｾｬ･＠ sec 
2 X l0-30 . 
(H2 as 3rd body) 
cm6 moleoule-z seo-1 
3tol8 x 10-3° 
6 -2 -1 om ｭｯＱ･｣ｵｬｾ＠ sec 
"( = 7 X 10-}. 
for acid washed silica 
4 X 10-33 
(N2o as third body) 
12. ＰＫｎ Ｒ ｯｾ＠ 2NO 7.16 x 10-11exp(-24.1/RT) 
ＭＭＭＭＭＭＭＭＭＭＭｾＭＭ 0 ( 1/ 13. H+02 ｾ＠ 4.19 x 10 exp -16.791 RT) 
OH+H 
15. H+NO+M ｾ＠
HNO+M 
4. x lo-33exp(+l493/RT) 
6 . -2 . -1 
om · molecule sec 
4.3xl0-6 
7.2xl.o-14 
-32 2. t .xlO 
2x10-30 
5xlo-30 
3.5xl0-3 
-1 
sec 
4JC10-33 
3.6xl.o-17 
1.7xlo-14 
Source 
This 
work 
[59] 
[59] 
[59] 
[59] 
[59] 
[59] 
[ 85,86] 
and this work 
[59] 
[59] 
[59] 
[59, 79] 
( 112] 
(-ll2j 
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The value of the pre-exponential term is a surprising 105 times smaller 
than that quoted by OJ.schewski, Troe and Wagner ( 42] (they obtain k1 = 
1014.7 exp (-58/RT) sec-l for shock tube decomposition in the region 
of 2000°K. ). Kaufman, Gerri and Bowman studied the thermal decomposition 
of N2o under conditions similar to those used in this thesis ( 5]. They 
obtained an initial rate of N2o decomposition of 0.71 mm/min at 927°K 
and 100 mm Hg pressure. This compares fairly well with a value of 1.85 
rom/min predicted by k1 in Table 1.5. 
The rate constants for the third body termination reactions are only 
approximate. For reactions 5 and 6 the rate constant for the reaction 
when H2 is the third ｢ｯｾ＠ are given since hydrogen appears to be between 
5 and 10 times more efficient a third boqy than nitrogen or water, and 
therefore in the early stages of reaction the termination step with 
hydrogen as third ·· body would be expected to predominate. Water is 
shown as an efficient third ｢ｯｾｊ＠ for the recombination of ｨｹ､ｲｯｾｬ＠
radicals (reaction 6 H20 .>> 02 ) C02 ﾷｾ＠ N2 ), there is no value reported 
for hydrogeno The figure quoted gives the range of val. ues for H2o, 
o2, Co2 and N2 as third bodies. 
One is now in a position to test the tentative reaction mechanism. 
In this test and all subsequent tests a. 1:1 mixture of N20/H2 at a total 
pressure of 200 mm Hg is considered. The predicted result vdll be 
compared with the experimental initial rate of reaction, obtained from 
Fig. 1.13, of 20 ｾｭｩｮＮ＠ Equation C shows -that the initial rate is 
equal to 
Rate = kJ N2o) / 2k1( N20) J k5[MJ 
(the initiation step term is negligible and has been omitted). If (M] 
is truten to be the hydrogen ｰｲ･ｳｳｵｲ･ｾ＠ the equation reduces to the simple 
expression 
Rate = k3 ｾ＠ [ N20] j;; 
The expression is dimensionally correct and yields a rate of 9.1 x 103 
mm Hg./min. on substitution of the rate constants. This is 4.5 x 102 
too high (c.f. the experimental value of!:. 20 mm/min) and indicates 
that this very simple mechanism is not adequate. 
One now considers the effect of ｩｮｴｲｯ､ｵ｣ｾｮｧ＠ a second termination 
process involving OH radicals as well as H atoms. 
H + OH + M -7H20 + M 
Rates of radical formation are given by 
d[ 0] = kl( N20] - k2[ H2][ OJ 
dt 
(6) 
(G) 
d[H] = k2( H2][ OJ - k3[N2o)[H] + k4-[ H2)[ OH] - k5[ HJ1 M) 
dt - k6[ H][ OH]( M] (H) 
df OH] = k2[ H2][ O)+k3[ N2o]( H)-k4[ H2][ OH]-k6[ H)[ OH)[ M) 
dt c!) .. 
Applying the steady state approximation: 
(OJ = k1[ N20] 
k2( H2] 
The subtra-ction of equations H and I give 
.. . ,.
0 = 2k3[ N2 0] ( H] - 2kJ ｾ｝＠ ( OH] ｾ＠ kS[ H] 2[ M) 
which yields 
( OB] = (2k3[ N2o] + k5[ M)( H] )[ H] 
ＲｫＴ｛ｾ｝＠
But k 3[ N2o] )-) k 5( M][ H) 
:. [ OH) = k 3[ N20] • ( H] 
k4[ H2.] 
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Adding equations H and I 
2k2[ ｾ｝｛＠ 0] = k 5[ M]( H] 2 + 2k6( M]( H][ OH] 
and substituting for [ OH] and [ 0] 
:t 
2 [H) = 2kl[ N20] • ｫＴ｛ｾ｝＠
[ M] (k5 .k4[ H2] + 2k6 .k3[ N2o] ) 
This gives a rate of 
-d[ N20]/dt = k3[ N20] 2k1lc4[ N20][ H2] 
[M] Ｈｫ Ｕ Ｎｾ Ｔ ｛＠ ｈ Ｒ ｝ＫＲｫｾ Ｓ ｛ｎ Ｒ Ｐ｝Ｉ＠
This expression is again approximately first order in N2o and a small 
order in hydrogen is aJ.so predicted. Assuming that [N20]=(H2]={M] 
again the equation is.- ·dimensio:mlly acceptable and preoicts a rate of 
3.37 x 103 mrn Hg/min. This is ｳｬｩｧｨｴｾｹ＠ better than the previous 
approximation but is still 170 times too large. 
It ｩｾ＠ obyious that a more efficient chain termination process must 
be introduced into the mechanism. The recombination of hydroxyl radi-
cals is between 102 and 103 times as efficient as hydrogen atom recombine-
tion but it introduces an added complication that the hydrogen peroxide 
formed might decompose yielding molecular oxygen that would then be able 
to start further reaction chains, As a compromise it will be assumed 
that this reaction's effect is to terminate the chain and to produce an 
oxygen atom which will be capable of further reaction. If the H+H+M 
reaction is neglected then the chain termination processes are: 
Steady state approximation yields: 
[ 0] = k 1[ N20] +k7 '[ H2o2] 
k2[H2] 
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The k7 '[H2o2] term will only be equal to k1[N2o] term ir all chains 
are terminated by step 7 and if all H2o2 evsntually leads to 0 atoms 
which react with hydrogen to start reaction chains. Since the rates 
of step 6 and step 7 are approximately equal k
7 
'[ N
2
o] will at best be 
only So% of k 1[ N2o], it is convenient to consider the steady state 
oxygen atom concentration as 
[OJ = k1[ N20) 
k2[ H2] 
-d[ ｾ＠ becomes = k 2[ H2)[ O]-k3[ N2o)[ H]+k4[ ｾ｛＠ OH]-k6[ H)[ OH)[M) (J) dt 
and ｾ｣ｬ｛＠ OHJ = k 2( H2][ O]+k3[ N20J( H)-k4[ H2)[ OH]-k6[ H]( OH]( M]-k7[ OH] 
2[ M] (IC) 
dt 
If (J) is subtracted from (K) 
0 = 2k3( N20][ H] ｾ＠ (k4[ H2] - k7[ M]( OH] )[ OH) 
as k4-[ H2] ｾＩ＠ k7[ M)[ OH) 
then ( OH] = k3[ N20]( H] 
ｫＴ｛ｾ｝＠
which is the same expression as was obtained in the previous case. 
Adding (J) and (K) one obtains 
0 = ac 2[H2][0)- 2k6[M][H][OH) - k7[M][OH]
2 
which on substitution for [OJ and [ OHJ gives: 
The rate is given by: 
2 Rate = 1c3 . 2k1k4 • [ N2o] 
(21c6k3k4 +kf3 2) 
·.if' it is ｡ｳｾｵｭ･､＠ that [ M]=( H2]=[ N20]. The overall rate equation is: 
again first order in N2o with some slight dependence on H2
• 
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Substitution for the rate constants predicts n rate of 3.5 x 103 mm Hg/ 
min. This result is nearly the same as the previous case. This ref'l.eots 
the efficiency of the chain propagating step (4) which is introduced into 
the rate equation when termination by OH radicals is considered. The 
effect on reaction rate from considering the different termination steps 
is sunwarised in Table 1.6. 
It is not possible to consider 811 three termination steps together 
and obtain, from steaqy state considerations, an expression for the rate 
of reaction by a.lge.:"t?raio :. manipulation. Accordingly a computer programme 
was devised to solve for ( H], [ 0] and [ OH] the three steady state expres-
sions for d[ H]/dt, d[ 0]/d·t, d[ OH]/dt. These equations 
c1[ H]/dt = k2( H2][ OH]•r-k4[ H2][ OH] -k3( N20][ H] -k5[ M][ H) 
2
-k6( M][ H]l OH] 
d[O]/dt = ｫ Ｑ ｛ｎ Ｒ ＰＩＫｫ Ｗ ｾＶｈ｝ Ｒ ｛ｍ｝Ｍｫ Ｒ ｛ｈ Ｒ ｝｛ＰＩ＠
d[ OB.]/dt = k 2[ H2][ OH]+k3( N20][ H]-k4( H2][ OR] -k6[ M][ H][ OH) 
-k7( M] [ OH) 
2 
are set equal to zero and solved for the ｳｴ･｡ｾ＠ state radical concentrations 
with the rate constant values shown in Table 1.5 and the pressures of H2 
and N20 inserted. For 1:3, 1:1 and 3:1 N20/H2 mixtures at a fixed 
concentration of N2o the radical concentrations obtained are shown in 
Table 1. 7. The rate of reaction can be calculated from the hydrogen 
atom concentration (-d[N2o]/dt = k3[N20][H] ). For the 1:1 mixture an 
initial rate of reaction of 2.39 x 103 mm/min is predicted• This is 
still 1.19 x 102 larger than the observed rate. 
The programme was also designed to ｶ｡ｾ＠ each of the 7 rate constants 
-1 1 in turn over a range 10 to 10 of the published value and obtain values 
of [ H], ( 0] a.nd [OM] for each variation of rate constant. This was 
done in order to see which reaction (or reactions) in the mechanism 
is {are) the most susceptible to inaccuracies in the published rate 
｣ｯｮｳｴ｡ｮｴｳｾｾｾ＠ The effect of varying the rate constants on the reaction 
- ---·· 
Hypothesis 
1 
2: 
3 
[H] 
[OH) 
[0] 
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Table 1.6 Approximations to Reaction Mechanisms 
Chain termination 
Predicted Rate/ 
Exptl. rate 
H+H+M --7 H2+M 
H+OH+M -7 H20+M 
H+OH+M ｾｈ Ｒ ＰＫｍ＠
OH+OH+M ---;) H2o2 +M 
ｾ＠ H20+0 
H-trH+M ---7 H2 +M 
OH+H+M ---7· H20+M 
OH+OH+M ｾｈ Ｒ ｯ Ｒ＠
---7· H20+0 
2 4.5 X 10 
2 1.7 X lO 
2 1.8 X 10 
from computed 
value for [ H] 
2 1.2 X 10 
Table 1.7 Computed Values of o, Hand OH Radical 
Concentrations 
5.1 x 10M4 rom Hg 
-6 5.5 X 10 
1.8 X 10-9 
4.7 x lo-4 rom Hg 
1.5 X 10-S 
5.5 X 10-9 
300 mm N20 
100 mm H2 
3.6 X 10-4 rom Hg 
3.5 X 10-S 
1.9 X 10-B 
Rate 
Predicted 7.7· x 102 mn1/min 2.4 x 103 mm/min 5.5 x 103 mnv'min 
Rate 
Obtained nun/min 20 mm/min mm/min 
-
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is sho\nl graphically in Fig. 1.19. In this figure the predicted 
initial rate is plotted (on a log10 scale) against the variation of 
rate constant (also on a log10 scale). It can be seen that the 
reaction rate is independent of k2(0+H2 = OH+H) and depends to only 
a small extent on the termination reactions k 5(H+H+M) and k 7(0H+OH+M)o 
The rate is proportional to the square root of k1(N20=N2+0), slightly 
greater than the ｾ＠ power of k3(H+N20=N2+0H) and slightly smaller than 
ｴｨ･ｾ＠ power of k4(oH+H2 = H20+H)o The rate is inversely proportional 
to the square root of the termination step k 6(H+0H+M)o The rate 
equation must therefore be of the form: 
1 1 
-d[ N20]/dt ｾ＠ (k1.k3 .k4)2 .k6 -:2. 
If one applies the steady state treatment to the reaction scheme 
N2o --7 N2+0 
0+H2 ·--7' OH+H 
H+N2o --) N2+0H 
0H+H2 ｾ ﾷ＠ H20+H 
H+OH+M --;. H20+M 
the rate equation 
k 1k 4[ N2o] [ H2] 
k 6k 3( N20][ M] 
(1) 
(2) 
(3) 
(4) 
(5) 
is obtained. It can be seen that this possesses the required dependance 
on rate constants and fUrthermore predicts an order of reaction of 1 
in N20 and negligible order in H2 which agrees with experiment. 
The discrepancy betfqeen the observed reaction rate and the one 
calculated from published rate constants raises a dilemma. One must 
postulate that; 
i) the published rate constants are in error by factors much larger 
than ten (c.f. Fig. 1.19) 
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or ii) there must be an efficient chain termination step not already 
considered, 
or iii) the steady state approximation does not apply. 
The first approach is not intellectually satisfying and the third heresy, 
particularly in a reaction as slow as this. Therefore the second 
possibility must be considered. 
A chain termination step is required tl1at will not alter the overall 
All p6ssible quadratic terminations 
of the chain propagating H and OH radicals have been considered and 
therefore attention must be turned to possible reactions that can 
compete with the chain initiation reaction. 
O+H2 .4 H+OH (2) 
The reaction 
(11) 
ｾｳ＠ at first sight attractive since it produces nitric oxide that would 
be able to inhibit the overall reaction both by reacting with further 0 
atoms ＨｏＫｎｏＫｍｾｎＰ Ｒ ＫｍＩ＠ and by inhibiting the chain mechanism by ｲ･｡｣ｴｩｾｮ＠
with H and OH. However, as Table 1.5 indicates, reaction (11) has a 
higher ooti vatic·n onorgy than (2). At 560°C its rate constant is about 
2000 times smaller than that of reaction (2) and its inclusion in the 
mechanism will not cause any change in rate. The only other molecule 
that is available for oxygen to react with is hydrogen. The bimolecular 
chain initiating step 2 has a moderate activation energy (16.8 kcal) and 
therefore only a small fraction of collisions will be reactive. A ter-
molecular process resulting in the formation of water would be expected 
to have a low or even negative activation energy. 
viz. · ｾ＠ H = -116 kcal (9) 
It is postulated therefore that reaction 9 competes with reaction 2 
for the available ｯｾｧ･ｮ＠ atoms. An idea of the rate of reaction 9 may 
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be obtained :f'rom the ｯ｢ｳ･ｲｶ･ｾ､＠ discrepancy between the "computer 
predicted" rate and the observed reaction rate. 
mixture at a pressure of 200 mm Hg the difference is 1.2 x 102• 
The rate constant for reaction 2 is 7.3 x lo-14 cm3 molecule-l sec-1 
at 560°C, and therefore the pseudo bimolecular rate constant for 
reaction 9 (k9( M]) will be of the order 8. 7 x l0-
12
• If [ M] = 200 
( 18 -3) -30 6 -2 nun Hg 2.32 x 10 molecules em then 1c9 = 3.75 x 10 em molecule 
sec-
1
, which compares favourably with the values of other termolecular 
reactions Ｈ･ＮｧＮｏｺＮＮＫｈ ｾ＠ +H20---;) ｊＮＺｾｏｬＮＮｯｦ＠ 3 x lo-311 H+OH+M of 2 x lo-3° 
o.nd OH+OH+M of between 3 and 18 x lo-3° cm6 molecule - 2 sec -l [59] )o 
A rough estimate of the activation energy of reaction 9 may be obtained 
from the observed difference in the overall activation energy of the 
N20/H2 reaction compared with that for N2o decomposition. In the 
reaction the overall activation energy may be regarded as the activation 
energy of the initiation process minus the activation energy of the 
0+H2+M termination reaction, since this will be the main termination 
step. 
i.e. [E(initiation) - E(O+H2+M)] = E(overall) 
E(initiation) is the activation energy of N2o decomposition, ｾ｡ｭ･ｬｹ＠
58 kcal. The overall activation energy was found experimentally to 
be 62.5 ± 2.0 kcal, thus reaction 9 has a negative activntion energy 
of 4.5 .± 2 .o kcal. Negative activation energies for termoleculnr 
processes are not unknown and Amadur and&mrnus list activation energies 
for processes such o.s X + X + M ---7 x2 + M where X is an halogen atom 
ranging from 0 to -8 kcal [ 84]. If an activation energy of -4.5.±2.0 kcal. 
is assumed the rate constant for k9 becomes 
k9 = 3.9 x lo-
31 ･ｾＨＫＴＮＵ＠ ｾ＠ 2.0/RT) cm6 molecule-2' sec-l 
To quote Schofield "Our knowledge of termolecular rate constants 
is still quite poor. Data is either lacking altogether, e.g. 
.. 
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•ﾷｄﾷﾷﾷﾷｾ＠ , k(O+H2+M), •••••••• , or where available, generally is 
insufficient. Of the fifteen (termolecular) reactions listed it 
wa.s possible to quote temperature dependent expressions .for only five. u 
The value for k 9 fulfils two of Schofield's wishes though the limits 
of error are too large for satisfaction. 
' To check the feo.sibili ::¥ of k 9, the re:action 0+H2+M _,. H20.:-M may 
be added to the reaction scheme ｐＮｾｳｴｵｬ｡ｴ･､＠ for the low pressure rea.c·tion. 
In this case the only chain termination step considered is destruction 
of hydrogen atoms at the reaction vessel walls. 
now gives 
o.f. 
::: k1[N20] + 2k1k 2I:,__:_ 
k 8.k9( M] 
= k1[ N20] + 2k1kl 
ka 
obtained previously 
Steuqy state treatment 
It is necessary to obtain a value for the rate of recombination 
of hydrogen atoms at the reaction vessel walls before one can predict 
the rate of the low pressure reaction. There is some doubt as to the 
order of the H atom recombination on quartz surfaces. Wood and Wise [ 85] 
in some comparatively recent work claim that the recombination is first 
order at room temperature but rises to second order at temperatures 
greater than 500°Ko Green, Jennings, Linnett o.nd Schofield [ 86] on 
the other hand found that the process was first order up to 600°Co 
There is remarkably good agreement, however, between the two papers 
for the value of the recombination coefficient y (WW found Y = 3.3 xl0-2 
at 550°C, and GJLS found y ·, = 4..-d0-2 at 600°C) o Green and co-workers 
found that acid washing of the silica surface reduced the value of Y 
to about 0.2 of the original value. If second order recombination 
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occurred in this work the rate equation for the low pressure reaction 
would not be second order in N2o, in fact it would vary from about 1 
to a maximum of 1.5. It will be assumed therefore that a first order 
process is taking place. 
The rate ·Qonstant for wall termination (k8 ) may be obtained by 
equating the rate of wall termination reaction to the number of collisions 
that H atoms undergo with the reaction vessel walls which result in 
recombination. 
(L) 
where Z is the number of collisions of H atoms with reaction vessel walls 
per second. The value of y will be trucen to be 7 x 10-3 (this is 
obtained from an average value of the y 's obtained by GJLS and ｾｎＬ＠ and 
the observation of GJLS that acid washing of the quartz recombination 
surface results in a reduction of Y. to about one fifth of the value 
for an untreated quartz surface). 
I<inetic theory of gases predicts that the total mass of gas striking 
one square centimetre of containing vessel wall per second (!-l) is given 
by [ 87]: 
1 
ll = p (.JL. )2 
(2'17RT ) 
(M) 
ｾ Ｑｨ･ｲＰ＠ P is the gas pressure and M the molecular weight of the gas. For 
the expression to be dimensionally correct the units must be as follows: 
-2 -1 1-l = g. om sec 
P = ergs em -2 
M = gram molecular weight 
-1 -1 R = ergs. mole ., OK: 
It is convenient to express ll in terms of number of moles striking 
a square centimetre per second in which case expression (M) becomes 
(N) 
If one considers P as representing the partial pressure of hydrogen 
atoms and multiplies expression N by the surface area of the reaction 
vessel the collision number Z in equation (L) is obtained. 
Therefore, 
1 ( 1 ) 2 "( k 8[ H) = [ H] • area . ( ) 
(;;;) 
{o) 
provided [ H] is expressed in moles. em -3 and area. in cm2• 
1 
• 1 ( 1 ｾ＠ 'W y •• ｾ Ｘ＠ = area (----- • 
(2'11MRT 
The surface area of the reaction vessel . is 334 sq em, R=8.315 x 107 
erg. ｭｯｬ･Ｍｾ＠ °K-1, T = 833°K, M = 1 and y = 7 x 10-3 which gives 
-6 -1 k8 = 3.53 x 10 sec 
This value of' 1c8 may now be used to calculate a rate for the low 
pressure reaotion which may then be compared with the experimental value. 
For the low pressure reaction (including the step 0+H
2
+M ｾｈ Ｒ ＰＫｍＩ＠
-d[N20]/dt = Ｒｫ Ｑ Ｚｾｾｾ＠
k 8.k9t M] 
The rate constants k 1, k 2 and 1c3 e.re given in Table 1.5; k 9
, the 
value being tested, is 3.75 x 10-3° cm6 molecule-1 sec-land ks = 
.:.6 -1 
3.53 x 10 sec • Ｑｾ＠ typical low pressure reaction will be taken as 
a 1:1 mixture of N20/H2 at a total pressure of 50 mm Hg, therefore 
2[ N2o] = ( M) and the rate becomes 
-d[ N20]/dt = k1k 2k3 • ( N2o] (P) 
k8.k9 
The rate constant term in expression (P) has units of seo-l and gives: 
-2 Rate = 4.28 x 10 
= 2.57 
IIUTI: N 0/sec 2 
mm N20/min 
This predicted rate of 2.57 mm N20/min compares ｶ･ｾ＠ favourably with 
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the experimentally obtained rate of about 2 mm N20/min. 
The agreement between the experimental and calculated rates 1)rovides 
strilcing corroboration of the need to include the oxygen atom termina-
tion: step ＰＫｈ Ｒ Ｋｍ Ｎ ｾｈ Ｒ ＰＫｍ＠ (9) and Bf the value of the rate constant 
( -30 6 -1 -1) k 9 = 3.75 x 10 em molecule sec derived earlier. It also 
supports the hypothesis that at low pressures termination of hydrogen 
a.toms at the reaction vessel walls is the major chain breaking step. 
Since this section of the discussion is somewhat long, a summar,y 
of the main conclusions reached is presented below. 
i) the change of first ｯｾ､･ｲ＠ to second order in the N20/H2 reaction 
represents a change from chain breaking due to gas phase radical recom-
bination to chain termination due to the destruction of H atoms at the 
reaction vessel surfaces. 
ii) to &xpla.in the fact that rates computed from steady state treat-
ment of the postulated reaction mechanism using published rate constants 
were at least 100 times larger than the observed reaction ro.te,o. termina.-
tion step involving oxygen atom combination ·with H2 in the presence of 
a third boqy to form water is proposed, 
i.e. (9) 
iii) an approximate rate constant for reaction 9 was derived from the 
discrepancy between observed and'cnlculated rates and the activation 
energy data giving 
k9 = 3.9 x lo-
31exp(+4.5 ± 2.0/RT) cm6 molecule-2 sec-l 
iv) the mechanism proposed is 
N2o ｾ＠ N2+0 (1) 
0+H2 Ｍｾ＠ OH+H (2) 
O-t-H2+M ｾ＠ H20+M (9) 
H+N2o ＮＮＮＮＮ｟ｾＷ＠ N2+0H (3) 
OH+H2 -----)·· H20+H 
H+H+M -? H2+M 
H+OH+M ｾ＠ H20+M 
OH+OH+M --) H202+M 
or_, i(2H20+02) 
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(4) 
(5) 
(6) 
(7) 
for reactions above a total pressure of 100 mm Hg. The ｰｲ･､ｯｭｩｮｾｮｴ＠
chain breaking step appears to be 6, (H+OH+M ｾｈ Ｒ ＰＫｍＩ＠ with steps 
5 and 7 having only a ｭｾｲｧｩｮ｡ｬ＠ effect. 
For reactions below a total pressure of 60 mm Hg the destruction 
of H atoms at reaction vessel walls replaces the gas phase termination 
steps 5, 6 and 7. 
e.g. H--) Wall (8) 
(ii) Isotope Effect: 
The isotope effect observed when hydrogen is replaced by deuterium 
results in a relatively small reduction in reaction rate (kHfkn varies 
from about 2 to about 1) compared with those commonly observed when an 
X-H bond is broken. It is also much smaller than the maximum isotope 
effect predicted by the Bigeleisen theory of isotope effects when 
cleu·berium is substituted for hydrogen (Laidler gives kff'kn ma:ximum as 
18 at 25°C [ 64] ). 
The mechanism proposed shows a dependence of overall rate on rnte 
constants as follows 
1 
-d( N20]/dt OC Ｈｫ Ｑ ｫ Ｓ ｫｾｫｾ｣ Ｖ ＩＲ＠
and the effect of replacing hydrogen by deuterium will now be considered. 
k1 (N20=N2+0) is not affected by the replacement of hydrogen by 
deuterium. k9(0+H2+M) o.nd k 6 (H+OH+M) have virtually zero activation 
energy, but the dependence of collision number on molecular weight 
88. 
ｳｵｧｧ･ｳｴｾ＠ kHfkn =/:2 in both oases. 
Reaction 3 (H+N2o = N2+0H) would be expected on zeropoint energy 
considerations to go faster with deuterium, but the collision number 
effect favours hydrogen. In the analagous reaction 
H + 02 --)' OH + 0 
Kurzius [ 109] found that k1f1cD = 1.91 exp (-1.3/RT) which gives o. 
value of 0.87 at 560°C. This value will be assumed for reaction 3. 
In reaction ｾ＠ (H+OH = H20+H) the isotope effect will be due both 
to changes in collision number, which favours hydrogen (kJ!ttn ｾ＠ 1.43-4), 
and on zeropoint energy considerations. Ung and Back [ 110] obtained 
a difference in activation energy of ED - EH = 2.4 kcal. 
2 2 
This gives 
= 5.82 
The overall isotope effect is given by substituting the isotope 
effects for the individual steps into the rate equationo 
1 viz. Rate (H2) 
Rate (D2) 
= (1 X 0.87 X 5.82/2)2 
= 1.6 
Considering the nature of the assumptions made, this represents excellent 
agreement with experiment. Tlus ｣ｯｭｰ｡ｲ｡ｴｩｶ･ｾ＠ small isotope effect is 
confirmed by Melville [ 19] who was unable to observe any increase in rate 
when he replaced hydrogen by 66% deuterium in the Hg photosensitized 
N20/H2 reaction. 
(iii) Nitric Oxide Inhibition: 
Experimentally it was found that the ratio of the rate of the NO 
inhibited reaction to that of the normal uninhibited reaction was 
inversely proportionalhto the square root of the nitric oxide pressure. 
It has been demonstrated in the experimental section that if inhibition · 
is considered to occur via removal of hydrogen atom 
carriers by the following mechanism: 
H + NO + M ---7 HNO + M 
followed by H + HNO -7 NO + H2 
(and/or OH) chain 
(15a) 
(15b) 
and the overall process (15a and b) considered to be 
H+H+N0--)H2 +N0 
then (rate of inhibited reaction)/(rate of normal reaction) is ·OC 
1/t NO] 0• 5. lU ternuti vely, the inhibition may arise from NO competing 
with hydrogen for the available oxygen atoms. 
viz. 0 +NO + M Ｍ ｾ＠ N02 + M (14) 
This also predicts that the ratio of rates will be inversely proportional 
to the square root of the nitric oxide pressure. The two possibilities 
will now be examined in the light of the published rate constants. 
a) Competion for Oxygen Atoms: 
For inhibition to be apparent, the reaction O+NO+M (14) must occur 
at a rate comparable to the chain initiating step of ＰＫｈ Ｒ ｾ＠ OH+H (2). 
-32 6 -2 -1 The rate constants at 700°C are k14 = lo3 x 10 om molecule sec 
and k 2 = 7.2 x 10-
14 cm3 molecule-l sec-1 • The reaction vessel pressures 
for all the runs investigating NO inhibition was 200 mm Hg (2.32 x 1018 
molecule/co) and for 1% nitric oxide 
Rate 14- "\.""' 3 x lo-16 v- 4•3 """ 10-3 Rate 2. -- ·- ｾ＠
7 X lO-l4 
The chain propagation step is very much faster than the reaction of 0 
atoms with NO and therefore the observed inhibition cannot be due to 
rene ti on 14. 
b) Inhibition of Chain Process: 
The introduction of nitric oxide produces chain termination reactions 
that will compete vrlth the quadratic chain termination processes. 
i.e. H + NO + :M --4 HNO + M 
H + HNO 
competing with 
H+H+M -?:H2 +M 
H + OH + M -:)H2o + M 
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(15-a) 
( 5b) 
(.5) 
(6) 
(For simplicity only termination of H atoms will be considered. im 
anulagous series of reactions with OH radicals is also likely to occur). 
Reaction (6) has a rate constant approximately 200 times larger than 
Reaction (5). Only Reaction (6) will be considered as competing with 
the H atom NO reactions. 
-32 6 -2 -1 The rn.te constant for 15a is klSa = 4.9 x 10 em molecule sec 
compared with that for reaction 6 of 2 x lo-3° cm6 molecule-2 sec-1 • 
'i 
The relative rates of the termination processes are ｴｨ･ｲ･ｦ｡ｾ･＠ ｧＡｾ･ｮ＠ . 
by 
k156[NO][M](HJ = 5 x 10-3
2[NO] 
k6( OH] [ M) ( H) 2 x 10-30[ OHJ 
The steady state concentration of [ OH] will be much less than the [NO] 
concentrations and so reaction 15a would be expected to predominate. 
The regeneration of nitric oxide by 
(15b) 
has o rate constant of kl5b ·> 5 x 10-l4 cm3 molecule -l sec -l at 300°IC 
[112]. Reaction 15b will therefore occur at a comparable rate to 15a 
and so the termination may be considered to be a process tho.t is second 
order in H atoms. 
i.e. H + H + NO ---;\ H2 + NO 
Destriau and Bonnefois [ 22] have investigated the role of ni trio 
oxide as an inhibitor of the explosion of N2o rich N20/H2/No mixtures. 
While it is difficult to make direct comparisons between exploding 
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systems (vdth their non-isothermal behaviour) and the work ｣｡ｲＱｾ･､＠
out in this thesis (isothermal), it is of interest to note that 
Destrinu end Bonnefois postulate that the reaction 
0 + NO + M ｾ＠ N02 + M 
is responsible for inhibition. In their work···they used mixtures 
with the stoichemetry H2 + 15(x N2o + yNO) where x + y = 1 and NO 
concentrt:'l.tions varied between 1 and 95% ( N20) which meant that their 
NO/H2 ratios were higher than in this work. However, even when 
[NO) = [ H2] the 0 + H2 reaction is 2 to 3 times faster than O+NO+M, 
and at these concentrations Destriau obtained explosion limits 100°C 
higher than in nitric oxide free mixtures showing marked inhibition. 
It is probable that at the lower percentages of nitric oxide the 
raising of the explosion limits is due mainly to H atom (and probably 
OH radical) reaction with nitric oxide. 
(iv) Effect of Ox;ygen: 
When oxygen was added to the N2o/H2 system it was observed that 
after a marked increase in initial rate1 inhibition occurred. The two 
effects will now be discussed. 
n) Initial Catalysis. 
ｏｾｧ･ｮ＠ molecules will compete with N2o for the available hydrogen 
atoms. This can be thought of ns a conventional Hzlo2 brunched cho.in 
mechanism 
H + o2 ｾ＠ OH + 0 
·'. OH + H2 ｾｈ Ｒ ｯｾ＠ H 
' ｾ＠ 0 + H2 -7" OH + H 
modified by the reaction 
(3) 
which does not affect the number of ｾｾ･･＠ radicals in tho system. 
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Data on the explosion limits of H2/o2 mixtures in the presence 
of such a large excess of hydrogen (typically o2 is present in con-
centrations that are about 4% those of hydrogen) is sparse, but in 
stoichemetric mixtures at 560°C the first limit is about 1 mm and the 
second about 160 mm, and the latter is markedly reduced by the presence 
of nitrous oxide [111]. This may readily be understood in terms of 
the non-branching reaction 3, above, delaying chain branching as well 
us the role which it is usually assigned as the third boqy in the reaction 
H + 02 + M ｾＮｈＰ Ｒ＠ + M 
It is to be expected therefore that the branched chain mechanism will 
increase the rate of the N20/H2 reaction and lead to an increase in tl1e 
steady state concentration of ｯｾｧ･ｮ＠ atoms. 
b) Inhibition in the later stages of N20/Hz'o2 Reaction: 
It was observed that after about 2o% reaction, the reaction curve 
from the o2 catalysed reaction abruptly changed slope and thereafter 
the reaction proceeded at a slower rate than the normal ｯｾｧ･ｮ＠ free 
N20/H2 reaction (Fig. l.l6a). Typically for 1.7% o2 present in the 
reacting mixture the rate of the N20/H2/o2 reaction was about 0.3 to 
0.4 that of the normal reaction. 
The arguments presented in section a) suggest that initially the 
concentration of 0 atoms is increased. It is likely therefore that 
small amounts of nitric oxide vdll be formed by the reaction 
(12) 
(In the normal N20/H2 reaction it was argued that the amounts of NO 
would be negligible)p It has been shown that the presence of nitric 
oxide inhibits the N20/H2 reaction. Concentrations of nitric oxide 
of the order of 0.25% would be sufficient to reduce the rate of reaction 
·to .3 to .4 times that of the normal N20/H2 reaction. It is suggested 
therefore that the inhibition obsGrved after initial catalysis by oxy.gen 
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is due to the presence of 0.2 to 0.3% NO. Mass spectrometric 
analysis of reaction products has shovm that molecular ｯｾｧ･ｮ＠ can 
be detected (albeit decreasing in amount as the reaction proceeds) 
throughout the course of reactiono This is to be expected as the nitric 
oxide formed would also inhibit the branched chain reaction responsible 
for the initial catolysis and for the removal of o2• 
One is now in a position to compare these predictions with the 
results of other workers. Mel ville [ 17] also observed a marked increase 
in reaction rate when oxygen was added. He postulated that ｯｾｧ･ｮ＠ was 
consumed in the initial stages1 though the nrguments given above suggest 
tho.t this need not be the case. Melville found that in the "low pressureu 
reaction region the reaction curves abruptly changed slope after some 
reaction had occurred (i.eo inhibition), but that no change in slope 
was observed in the "high pressure" region. It is certainly the same 
effect as was observed in both the "high and low pressure" regions in 
this work. The probable reason why Melville did not observe the 
inhibition in the high pressure region is that the P2o5 was not able 
to absorb the large quantities of water produced in the initial stages 
of reaction fast enough to be able to follow the reaction closely. 
Fenimore o..nd Kelso [ 20] o.nd Destriau and Navailles [ 21] investigated 
the explosion limits of the N20/H2 system. They both obtained minima 
in their pressure at explosion limit vs. ｴｾｭｰ･ｲ｡ｴｵｲ･＠ curves. In other 
words the rate of the N20/H2 explosion reaction increased with tempera-
ture until a certain temperature was reached (usually between 750 and 
800°C), thereafter the reaction became slower with increasing tempera-
ture. The minimum was more pronounced in N2o rich mixtures. The 
investigation of the "explosion limits" of non-chain branching systems 
is of questionable value since the position of the explosion limit is 
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more likely to depend on the o.bili ty of the system to dissipate the 
heat of reaction rather thv.n on the chemical nature of the reactions 
toking place. The non-isothermal conditions accompanying such 
measurements make meaningful comparison with the present work difficult. 
Fenimore and Kelso, who used pyrogallol washed gases, postulated 
the reaction 
H + o2 + M ｾ＠ H02 + M 
to account for the inhibition observed at higher temperatures (the 
oxygen being formed by N2o decomposition). They support this claim 
by the observation that the addition of small quantities of oxygen to 
the N20/H2 mixtures raised the explosion limits (i.e. inhibition ｯ｣｣ｵｲｲ･､Ｉｾ＠
Fenimore and Kelso's experimental results are disputed by Destriau and 
Navo.illes who found that the same results were obtained whether or not 
the reacting gases had been washed with pyrogallol (to remove o2 )p 
They also found that the addition of oxygen lowered the explosion limits 
(i.e. oatalysed the reaction)Q This serves to underline the difficulties 
involved in moking meaningful comparisons on data obtained from the "limits" 
of thermal explosions. 
The formation of Ho2 ｾｳ＠ an explanation of the inhibition of the o2 
catalysis observed in the present work was ruled out by the addition of 
2o% H2o to the reaction vessel before the ｎ Ｒ ＰＯｈｾＰ Ｒ＠ mixtures were added. 
No change in the inhibition was noted. Water is o. very efficient ｴｨｩｾ､＠
body for the H+02+M --)-H02+:M reaction (59) o.nd. therefore if the reaction 
were responsible for the inhibition it would be expected to occur earlier 
in the reaction. 
The most likely explanation of the appearance of minima in the 
explosion limit/temperature curves obtained by Fenimore and by Destrinu 
is that as the temperature increases, so the proportion of nitric oxide 
formed is increases (this occurs because the reaction 12, O+N2o--; 2NO, 
STOP PRESS 
A paper by Ho Navailles .and M. Destriau, entitled "Evidence for 
a negative temperature ooe££ioient in the reaction of hydrogen with 
nitrous oxide 11 , has just been published [ Bul. Soc. Chim. France p.2295 
(1968)]. 
It deals with the phenomenon of the minima observed in the explosion 
limit/temperature curves. They attempt to explain it in terms of thermal 
explosion theory and pay little attention to a mechanistic ･ｾｾｾｰｬ｡ｮ｡ｴｩｯｮＮ＠
They also claim to have measured the activation energy of the slow reaction 
(by analysing reaction mixtures using gas chromatography) between 650 and 
They obtain values which vary with temperature and pass through 
a maximum at about 700°C (the values vary from 46 kcal at 650°C to 53 kcal 
at 700°C to 23 koal at 800°C)o 
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has e.. higher o.cti vation el'lorgy than Ｒｾ＠ 0+H2 ｾ＠ OH+H)., At 800°C 
(the approximate position ｯｾ＠ the minimum) the rate constants for the 
two reactions (2 and 12) predict that for 1:1 mixtures the formation 
of NO ｾ｡ｬｬ＠ occur only about 7 times slower than the chain propagation 
reaction, and therefore significant quantities of nitric oxide will 
be formed and chain termination vdll occur. This also rules out the 
H+02+M ｾ＠ H02+M reaction since the formation of NO is at least twice 
as fast as the formation of molecular oxygen [ .5], and therefore under 
conditions where ｳｴｾｦｩ｣ｩ･ｮｴ＠ oxygen would be formed for H02 production 
to be important, .there would be even more nitric oxide present which 
would have a greater inlubiting effect. 
(v) Comparison with Melville's Work and ｓｵｭｭ｡ｲｾＺ＠
Melville ( 17) is the only worker who hns studied the N20/H2 reaction 
under similar conditions to the present work. He followed the reaction 
by absorbing the water formed on phosphorous pentoxide and measuring the 
resultant pressure change. This method was virtually the only one 
available at the time. It is vulnerable, however, to a number of 
criticisms. The necessity to have a side arm containing the P2o5 
desiccant outside the furnace meant that a large temperature gradient 
existed across the reaction vessel. It is probable that in fast 
reactions a delay occurred in the removal of water. Changes in reaction 
behaviour, especially near the beginning of the reaction, might therefore 
be obscured. The removal of water from the reaction mixture eliminates 
the isobaric nature of the system and makes interpretation of the 
. •. 
behaviour in the later stages of reaction moro complex. In the present 
case these objections are removed and the reaction could be followed 
under almost ideal conditionso Nonetheless, the general features and 
mechanism of tho reaction obtained in this work are very similar to 
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those discovered by Melville. 
The following mechanism accounts for the experimental results: 
Initiation ｾ＠ ·N 0 Ｍｾｎ Ｒ＠ + 0 (l) 2 0 + H2 ｾ Ｍ ｏｈ＠ + H (2) 
( H + N20 - )N + OH (3) t 2 OH + H2 ｾｈ Ｒ Ｐ＠ + H (4) Propagation 
' , ( H+H+M ｾｈ Ｒ＠ +M (5) Ｇ ｾ＠ H + OH + M ---?H2o + M (6) 
,. 
ｾ＠ ·. OH".+ OH + M ｾｈ Ｒ ｯ Ｒ＠ + M (7) 
( or i(2H20+02) 
Termination 
ｾ＠ H ｾｗ｡ｬｬ＠ (8) 0 + H2 + M ｾ＠ H2o + M (9) ( 
Computer analysis of the mechanism showed that termination steps 
5 and 7 haye only a small effect. The reaction is first order at 
high pressures ru1d becomes second order at low pressures. The transi-
tion pressure is in the region 60 to 80 nun Hg which is the same region 
as was observed by Melville. The chunge from first to second order is 
o. result of the decreasing importance of quadratic gas phase termination 
of chain carrying radicals and the increasing predominance of hydrogen 
atom recombination on the reaction vessel wallso In agreement with 
Melville it is found that both the high and low pressure· reactions show 
very small dependence on hydrogen pressurt7. In the high pres.st.li'e reaction 
the initial rate of reaction may be expressed by 
ＨＭｾｎ Ｒ Ｐ｝Ｏ､ｴＩ Ｐ＠ = 1.37±0.06xlo15exp(-62.5±2,l/RT)[N20][H2] 0•25 
and for the low pressure reaction 
(-a(N20]/dt)0 = 8,26±0.30xlo
13exp(-62.5±2.1/RT)[N2o]
2 
with the pressures in mm Hg, the rate in mm Hg.min-1 , and the activation 
energy in kcal. 
The ｲ･ｾ｣ｴｩｯｮ＠ is initially catalysed by oxygen but is inhibited in 
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the later stages. This mo.y be explained by assuming that the initial 
increase in rate arises from a branched chain mechanism introduced by 
the reaction H + o2 --) OH + o. 
Small quantities of nitric oxide are formed (0.2 to 0.3%) which 
inhibits the reaction in the later stages by removing hydrogen atoms 
(and OH) from the chain propagation cycle. 
A small isotope effect is observed when hydrogen is replaced by 
deuterium (kH /kD ｾ＠ 2 · ) which diminishes as the total pressure is 
2 2 
lowered. 
lm addition to the reaction mechanism proposed by Melville is removal 
of oxygen atoms by combination with hydrogen in the presence of a third 
body to form water. · This step is necessary to explain the difference 
between the computed reaction ro.te {using published rate constants for 
the individual reactions and omitting reaction 9) and the observed rate 
of reaction. The rate constant for the reaction 
0 + H2 + M -·---}t< H2 0 + M ( 9) 
31 ··t 6 -2 -1 is deduced to be k9 = 3.9 x 10- exp{·t•4.5±2.0/RT) em molecule sec 
for a third bvdy term [ M) being made up of 1;1 mixture of N2o and H2• 
Melville was unable to observe an ｩｮ･ｲｾ＠ gas effect when nitrogen or 
argon was added to the system. This should extend the first order 
reaction region if the change to second urder is caused by wall terrnina-
tion replacing quadratic termination. ·The first order reaction region 
is slightly extended when 5Q% carbon ､ｩｯｾｩ､･＠ is added to the system. · 
It is markedly extended when 50% carbon tetraflUO!:."ide is a.ddedo Both 
nitrogen and argon would be likely to have lower third boqy efficiencies 
than .co2 and therefore their effect would be negligible. 
The greatest discrepancy ｢･ｾｶ･･ｮ＠ this work and that of Melville is 
in the activation energy. Melville found that the high and low pressure 
rect.Ctions had differen-t activation energies (32 kcu.l and 49 lccal respect-
ively). The present work shows that tho activation energy for both 
the high and low pressure reactions is 62.5 ± 2.1 kcal. Melville's 
low values are certainly a result ｯｾ＠ the large temperature gradient 
across his reaction vessel. The difference in the activation ･ｮ･ｲｧｩ･ｾ＠
of the high and low pressure reactions is probably due to the inability 
of the P2o5 to absorb water at a ｳｵｦｾｩ｣ｩ･ｮｴｬｹ＠ rapid rate. This effect 
would be most marked in the faster reactions (i.e. those at high tempera-
tures and pressures). 
It is humbling to find that with the benefit of modern techniques 
the chemistry of the N20/H2 reaction has changed so little over tl1e 
spc.ce of 35 years. That this is so is a. tribute to Melville 1 s scientifio 
skill and experimental prowess. 
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Pa:rdt II 
Oxidation of Carbon ｾｲｯｮｯｸｩ､･＠ by Nitrous OXide 
INTRODUCTION 
Unlike the hydrogen/oxYgen reaction, in which the mechanism 
is well established, the mechanism of the carbon monoxide/ozygen 
reaction is far from being urd erstood. 
The ｃＰＯＰｾ＠ reaction exhibits similar features to the ｈｾｯ Ｒ＠
reaction in that it has three explosion limits. The third, 
however, is ill defined and is attributed to a thermal rather than 
to a branched chain explosion. 
For a long time it has been known tho.t water catalyses the 
reaction but it was thought that a 11 dry" reaction also occurred[ 27] • 
Doubt was cast on the existence of a 11 dry" (thermal.) reao t:i. on when 
Dickens, Dove and Linnett [ 28) obtained 2nd explosion limits at 
temperatures at least l00°C higher than had been previously obtained, 
by using rigorously dried gases. The results were irreproducible 
and the paper contained a hint ｴｾ｡ｴ＠ the reaction might not occur 
at all if the gases were completely dry. Semenov [ 29] in a recent 
review of his life's work states co.tegorictilly, citing a number of 
Russian authors, that under normal thermal conditions ｯｾｧ･ｮ＠ \till 
not oxidise carbon monoxide if the system is completely dry. 
A growing amount of work is being published on the o:x;ygen/carbon 
monoxide system in shock tubes. The shock tube work has inw 1 ved 
both the shock heating of carbon dioxide in order to stuqy the 
recombination reaction of o:xygen ntoms with carbon monoxide [ 30] 1 
end by shock heating mixtures of oxygen and carbon monoxide [ 31] 
[ 32]( 33]. The main point of agreement in these pop ers is that 
water, hydrogen and hydro·carbons in p.p.m. quanti ties leads to 
catalysis and to marked changes in reaction mechanism of the 
reaction of ｯｾｧ･ｮ＠ (both atomic and molecular) with cnrbon monoxide. 
Sulzmann et al [ 31] claimed to have studied the reaction of· 
o:xygen with carbon clioxide with less than 1 p.p.m. of water present .• 
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They suggest a chain mechmrl.sm in which a.tomio oxygen is the 
chain carrier. 
CO + o2 ｾ＠ co2 + 0 (slow) 
CO+O ( ＫｾＩ＠ ﾷ Ｍｾ＠ ｃｏｾ＠ ( +fii) 
ｾ＠Co2 + o2 ｾ＠ C02 + 20 
｛ｃｏｾ＠ is electronically excited] 
For the wet reaction they produce a ｬ･ｮｧｴｾ＠ scheme in which H, OH 
and 0 are chain carriers, H02 is an intermediate and H2o2 a product. 
Their clry mechanism is basically supported by Bro.bbes and Belles ( 30] 1 
but is challenged by Brokaw [ 32] who suggests the mechanism leads to 
ｾｲ･｡ｳｯｮ｡｢ｬｹ＠ high rate constants and points out that the results would 
be better explained if it were assumed that hydrogen impurities still 
played a part. 
In extending their work vvith Sulzmann, his co-workers, Myers and 
Bartle, studied the reaction of oxygen atoms with carbon monoxide where 
the chains were initiated by the decomposition of small amounts of ozone 
in the o2/co mixtures. They claim to have definite evidence for 
deactivation of ｣ｯｾ＠ by oxygen which in turn leads to electronically 
excited oxygen, but does not involve decomposition of the oxygen to 
atoms [ 3.3]. 
In comporison with ldnetic data published on oxygen/carbon monoxide 
reactions work carried out on the oxidation of carbon monoxide by nitrous 
oxide is so scant as to be almost non-existent. 
:Bavm [ 34] reported a reaction between carbon monoxide and nitrous 
oxide at temperatures (400 to 550°C) well below those at which nitrous 
oxide decomposes at an appreciable rate. The reaction was foll.ovved. 
by conventional. analysis. He found that reaction took place (in part 
at any rate) on the surface, the rate being proportional to [ N2o] It CO) 
i.e. carbon monoxide was strongly absorbed. The reaction was 
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not influenced by inert gases, retarded slightly by nitric oxide 
and markedly ca.talysed by carbon dioxide,. Between certain limits 
of temperature and pressure the slow reaction passed into explosion. 
This was markedly inhibited by nitric oxide and the effect of inert 
gases indicated a thermal explosion. 
ｂ｡｜ｾＱ＠ found an activation energy of 22 kcal/mole which supports 
the evidence that this was a mainly heterogeneous reaction. 
Pickering [ 35] investigated both 11wet" and "dry" reactions. 
In the wet reaction he found that the reaction rate occurred at a 
reasonable rate above 570°C. The rate of reaction increased with 
the amount of water added, up to about 4 mm Hg of water, above which 
no increase occurred. The kinetics appeared to be approximately 
first order. The rate decreased slightly with increasing surface 
area and no heterogeneous reaction of the type observed by Baun 
appeared to be taking placeo The activation energy appeared to 
be slightly high at 70 kcal/mole. 
Ey drying his gases and storing over P2o5 for a number of weeks, 
Pickering was able to observe a 11 dry11 reaction. This reaction, under 
all conditions, was Slower than the wet reaction. Again, first order 
kinetics were observed and an activation energy of 55 kcal/mole 
(identical to the value Pickering obtained for the decomposition of 
Pickering ventured the following mechanism for 
the dry reaction: 
N2P -) N2 + 0 
O+CO+M ＭｾﾷｃＰ Ｒ＠ + M 
but had very few results to support it. 
suggested: 
For the wet reaction he 
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N2o ｾ＠ N2+0 
0+H20 ｾ＠ 20H 
CO+OH } C02+H 
N20+H ---7 N2+0H 
CO+lBr ＭＭｾ＠ CHO 
CO+OH. ｾ＠ COOH 
ｾＢＢＢ＠ . CHOk:OOH ｾ＠ wa11 
This fitted his results closely but the last three reactions must be 
regarded us a little unusual and have not been postulated before. 
Recently Deckers reported, in a review article, that bimolecular 
reaction between N2o and CO with co2 as a product had been observed 
in a molecular beam system [ 60]. No experimental details or results 
have since been published. It appears that Decker's original inter-
pretation was incorrect and that the only product obtained was polymeric 
nitrous oxide (61]. 
EXPERIMENTAL 
The procedure for following the disappearance of nitrous oxide 
was the same a.s used for the ｎｾｏＯｈ Ｒ＠ work. 
were also followed: 
A) fhemiluminescence: 
Two additional parameters 
It proved possible to measure the intensity of the blue chemi-
luminescence observed during the reaction. The chemiluminescence 
appeared quite intense when viewed by the naked eye, but the light 
being non-directional (as opposed to the collimated light beam from 
the deuterium lamp) the intensity ｦｯｾｬｩｮｧ＠ on the monochromator slit 
ru1d eventually being detected by the photomultiplier was very small 
(103 to 104 times sme.ller than the intensity of light at 2200 A from 
the deuterium lamp). The light intensity measuring circuit had to 
be used at its maximum sensitivity, and because of the instabilit,y 
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and noise the actual readings had only about a lQ% to 15% accuracy. 
It was not possible to cnlibrate the glow intensity in terms of 
excited species or in quanta emitted, and the intensity was usually 
measured in terms of the current produced by the photomultiplier 
(in 10-8 A units)' nt n fixed EoHaTo voltage. It" w·o.s nssur.1od th{.1.t over a 
series of runs the sensitivity of the light measuring circuit did 
not change. The procedure for measuring glow intensity during a 
run was as follows: 
a) The deuterium lamp was switched off and the monochromator 
0 
was set o.t 4000 A. 
b) The EoHoTo voltage was set at a sufficiently high voltage 
to provide the necessary sensitivity (usually 1.2 kV)o 
c) The recorder was set at its most sensitive range (i.e. 
0 to l mV f. s •. d.) o.nd the decade resistor set so that the glow intensity 
that would be obtained at the start of a pa.rticulnr run would produce 
about o. Go% to 80% reading on the recorder. .After a few runs it was 
possible to set the resistor wi thou·t having to carry out a trial run. 
d) The dark current from the photomultiplier (which included 
any stray light from the furnace glow) was "backed off" so that zero 
reading was obtained on the ｲ･｣ｯｲ､･ｲｾ＠
e) The gases were let into the reaction vessel. The photo-
multiplier output was measured by the recorder in millivolts and 
converted to units of 10-8 amps using the value of the decade resistor 
and Ohm' s Law. 
B) Pressure change: 
A small pressure change occurred during the reaction o.nd. was 
measured using a mercury manometer. It was necessary to apply a 
11 dead space" cornection to the measured pressure change to relate 
it to the o.ctual pressure change in the reaction vessel. ··:Because 
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it wns possible to ｭ･｡ｳｴｾ･＠ nitrous oxide pressure in the reaction 
vessel by its U-V absorption it is possible to allow for the dead 
space by the following technique: 
(i) Dead space correction: 
At the temperatures at which the N20/CO reaction was carried 
out (650° to 750°) nitrous oxide decomposes at a moderate rate. 
It is possible to follow this decomposition manometrically since 
the reaction 2N2o--;) 2N2 + o2 ｊＮｾ･ｳｵｬｴｳ＠ in a pressure increase 
corresponding to t the partial pressure of N2o that decomposed 
(the production of nitric o:xide would ol so produce the same pressure 
change). It is possible to calculate the amount of N2o that had 
decomposed from the pressure increase and tl1e stoichemetric equation. 
The value thus calculated w uld be too low since the gases expelled 
from the hot reaction vessel contract in the colder space ｢･ｴｾｶ･･ｮ＠
the reaction vessel and the mano·neter. By following the decompo-
sition of nitrous oxide spectroscopically the true pressure of nitrous 
oxide in the reaction vessel may be followed. A plot of the true 
N20 pressure against the N2o pressure calculated manometrically 
assuning no dead space correction gives a straight line. The slope 
of this line is the factor by which the manometrically calculated 
N20 pressure has to be multiplied to bring i ·t up to the true pressure. 
The dead space correction was determined in this manner over the 
temperature ro.nse 650 to 750°C. Second order effects such as the 
loss of a portion of the reacting N2o into the dead space us the 
reaction proceeds, the possible reduction of pressure due to some of 
the nitric o:xide produced rco.cting with oxygen to give nitrogen dioxide, 
and the very small change in dead space volume us the pressure increases 
and the mercury in the manometer is pushed out have been neglected 
in the above analysis. The graphical result is shown in Fig. 2.1 
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It will be seen that within experimental scatter the points ｯ｢ｴ｡ｩｾ･､＠
at all temperatures lie on the same straight line. If the secondar,y 
effects hnd a serious influence a straight line would not have been 
obtained. The dead space correction is 1.28. 
(ii) DEYAess of apparatus: 
Special attention was paid to the drying of both carbon monoxide 
and nitrous oxide (vide tho section of this thesis describing gas 
preparation). To prevent the build-up of any traces of water in 
the vacuum line a "charcoal pump" was left open to the line ond 
reactions vessel at the end of each day's experiments. The "charcoal 
pump" consisted of a tube filled with granular activated oho.rcoo.l that 
had been ·thoroughly degassed by heating to about 40occ under vacuum for 
a number of hours. This was inunersed in a Dewar flask of l:Lquid air 
and efficiently removed gases absorbed on the walls of the vacuum 
system. The trap maintained the line at a pressure of less than ＱＰＭｌｾ＠
torr with the main pumping system switched off. 
Runs were carried out o.t 700°C except for o. series carried out 
betv1een 650 and 750°C to determine the activation energy. The 
majority of runs were made using pre-mixed gas mixtures. 
RESULTS 
(i) General features of the reaction: 
The "dry" N20/CO reo.ction differs markedly from the nitrous oxide 
oxidation of hydrogen in that it only ｴ｣ｾ･ｳ＠ place at temporntures at which 
N2o itself decomposes at an appreciable rate. The general features 
of the reaction nre shown graphically in Fig. 2.2. Initially, the 
reaction is about three times as fast as the decomposition of N2o. 
This drops to about twice as fast in the later stages of reaction. 
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Fig. 2.2b demonstrates this drop in relative rates. In the figure 
the time taken for the N2o reaction to reach a given N20 pressure 
(tN20) is plotted against the time trucen for the N2o/CO reaction to 
Unexpectedly the reaction 
is also accompanied by a small pressure increase. 
equation 
The Ptoichemetric 
\ 
involves no change in pressure. The size of the pressure increase 
depends both on the initial pressure of nitrous oxide and on the 
percentage of carbon monoxide in the reaction mixture. The greatest 
increases are obtained in N2o rich mixtures o.t high pressures. The 
extra product is predominantly oxygen ( v. infra) and presumably arises 
from the thermal decomposition of nitrous oxide. 
The reaction is accompanied by a deep blue chemiluminescence which 
is due to the radiative dea.cti vn:.:;ion of electronically excited C02 
formed by the reaction of oxygen atoms 1v.ith carbon monoxide. The 
intensity of the chemiluminescence is dependent on both the initial 
pressures of carbon monoxide and nitrous oxide. 
The carbon monoxide/oxygen reac.tion is very dependent on traces 
of water or other hydrogen dono.ti ng molecules, and it was expected 
that the N20/CO reaction would also be catalysed by water. Smlil.l 
amounts of water were added to the reaotion .vessel by equilibriating 
a 62.5% w/w sulphuric acid/water solution at 0°C with the reaction 
vessel for 15 minutes. This solution has a vapour pressure of 0.5 mm 
at 0°C ( 72]. Premixed 1:1 N20/CO mixtures were then added to the 
reaction vessel. The adcation of the reacting gases swept the water 
vapour in the dead space into the reaction vessel so that the final 
water pressure in the reaction vessel was nearer 0.6 mm Hg. It was 
found thnt even small traces of water markedly co.tOtlysed the reaction, 
llQ. 
o.nd in concentrcttions greater thnn about 1% explosions occurred 
as tho reaction mixture entered tho reaction vessel. The effect 
of ndded water is summarised in table 2.1. Even the smallest 
percentage of water (Run 11) caused the pressure change to disappear. 
(ii) Thermal de?o.nw.?sition of. N2o: 
Since the rate of the dr.y N20/CO reaction is only 2 to 3 times 
faster tho.n the thermal decomposition of nitrous oxide, it was thought 
o.dvisnble to obto.in some data on the decomposition. A series of runs 
were carried out at nitrous oxide pressures ranging from 30 to 200 rom Hg. 
Tho initial rates of the decomposition are given in table 2.2. The 
reaction curve for decomposition of 100 mm Hg of N2o is shown in Fig. 
2.3a. This is tho average curve of three separa·te runs with a throe 
month period separating the first and last runs. The initial ro.to 
data suggest that the reaction is 1.5 order since a plot of ｬｯｾｬｏ＠
ini tia.l rate against [ N2o] o gives a strmght line of slope 1. 5 (Fig. 
2.3b ). This is in complete agreement with the results of earlier 
work [1,2,6]. 
The overall order of reaction is about 1.6, this va]ue was 
obtained from a plot of 1og10 (half life) against logio (half 
pressure) for all runs in "Which the N2o/CO ratio was 1:1. This 
datn hod been obtained over a seven month period and is shown in 
Fig. 2.4. The half life refers to the time tnken for half the 
initial nitrous oxide pressure to renct. This time is not the 
same as the time taken for half the carbon monoxide to react s:i. nee 
N2o is removed by two consecutive processes. The points in Fig. 
2.4 nre badly scattered showing that the reproducibility of the 
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Table 2 •. 1 Effect of Water on N2o/CO reaction 
Run Total Pressure %H\i0 Initia1 rate(R0 ) 
R0 H20/ 
R0 dry 
1 404 mm Hg 0 57 mm/min 
ll 4J.2 0.15 163 2.8 
2 264 0 30 
10 264 0.23 90 3.0 
:; 160 0 15 
12 162 0.37 86 5.9 
4 100 0 4.8 
16· 102 0.59 75.0 1,5.6 
5 62 0 2.8 
17 60 1.00 Explodes 
6 40 0 2.3 
18 40 1.50 Explodes 
Tabla 2.2 Thermal Decomposition of N2o 
Run [N2o]o Initia1 Rate(R
0 ) 
93 31 mmlHg 1. 0 mm Erg/min 
/ 
94 50 2.4 
95 76 4.6 
"9,,171.,176 102 7.7 
97 153 13.7 
98 201 19.7 
ｾ＠ Results obtained from the average rate curve of 3 runs 
. • . . ' ｾ＠ . . . : ! ·' . 
! • i 
a). Decornpos i tio n Curve . 
. 
E 
'0 ... E ｾ＠ ｾ＠
Tirne {niinutes). 
0 ｾＭＭｳＮＮＭＭＭＭＭＭＭＭＭﾷ＠ .J.,--L·--_ _... ___ , 
2 
. 
-- . w 
1· 4 1·6 
G 8 10 12 Ｂ ＱＯｾ＠ 16 
b). 0 r d e r o f Deco ｾｮ＠ p o s i t i on. 
J 
Log10 [ N20Jo 
.J ＮｊＭＭｾ＠
2 . 0 2. 2 . 2 ＮＯｾ＠
ll2o 
lliiilillil __ ....._ _______ ........, ____ ........._ __ ......;,;,_-:......:...._ ____ .__ " -----·-·-- -· Ｍｾ Ｍ --
113. 
N20/CO reaction is poor ｯｯｭｾＦｲ｡､＠ with N20 decompositiono The 
solid line drawn through the points is the least squares fit 
which has a slope of 0.63 with a standard deviation of ± 0.05 
(i.e. ｾｮ＠ order of 1.6 + 0.05). It was difficult to perceive a 
trend in rate of reaction with the different batches of gases 
prepared for reaction, and often quite large discrepancies occurred 
be·l:iween runs carried out under the same conditions with the same 
batches of gases. 
The lack of reproducibility was also observed in the initial 
ro.tes of reo.otions which hampered investigations into the individual 
orders of reaction with respect to N2o and CO. By ｰｬｯｴｾｩｮｧ＠ the 
log10 (initial rate) for all runs carried out over the entire 
experimental period at a constant initial CO pressure (or N2o 
pressure) against the log of initial N2o pressure (or CO pressure), 
sufficient points were obtained to enable a reasonably reliable 
value for the order of reaction with respect to N2o (or CO) to be 
obtained. The least squares slopes together with their standard 
deviations ore shown in table 2.3. It was noticed that the greatest 
scatter of results occurred at low ｰｲ･ｳｳｾ･ｳ＠ of N2o and CO. It is-
apparent that the reaction is slightly greater than first order in 
nitrous oxide. The order in carbon monoxide varies from about 
0.2 to 0.5 with large error limits in the individual determinations. 
A full discussion of the irreproducibility appears at the end of this 
"Results" section. 
(iv) !:fessu.£e chnn.se and Identity ｯｦ｟ｊｾｸｴｲ｡＠ Product: 
The pressure increase that accompanies the reaction is small, 
between 0 and 30 mm Hg (o to 6% total pressure) depending on the 
oondi tions. The only method of follovd ng the change was to use the 
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Table 2.3 Individual Orders of Reaction 
e.}· Order. w.r .. t. N2o b) Order w.r.t. co 
[COJ 0 ｏｲ､･ｾ＠ [ N20]o Order 
30 nun Hg 1:02 ±. 0.16 30 mm Hg a.22 .± 0.16 
50 1.17 ± 0.12 50 0.37 .:!:. 0.13 
100 1;.21 :t 0.14 100 0.30 i!:, Oo07 
150 1.15 .± 0.08 15.0 0.32 ± o.o6 
200 1.02 .±. 0.03 200 0.47 z 0.09 
The values for tbe order of reaction were obtained from the 
slopes of graphs of log (initial rate) v.s log (initial pressure) 
of one of the reaotants at constant initial pressures of the other 
reactant (see Appendix 2.3). The error limits are the standard 
deviation of the slope about the least squares line. 
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mercury manometer attached to the reaction vessel inlet tube • 
.Any change was corrected for the "dead space" between the reaction 
vessel and manometer using the correction factor described earlier. 
The accuracy of the results obtained is low nnd at initial nitrous 
oxide pressures below about 100 rom Hg, the change is too small to 
permit any reliable measurements to be made. Jul that could be 
said about the pressure change in this region is that it occurred 
and there was a tendency for the increase to be larger the greater 
the percentage of N2o present in the reaction mixture. At the 
higher pressures the trend is well defined. T,ypica.l pressure 
change curves ore shown in Fig. 2.5. In this Figure the results 
are shown for 1:2, 1:1 and 2:l. N20/CO mixtures D-11 with an initial 
nitro us oxide pressure of 1.50 mm Hg. It can be seen that in the 
case of the 2:1 mixture a pronounced increase in the rate of change 
occurs after about 6 minutes reaction. At about this point till the 
carbon monoxide has reacted and the rest of the curve represents the 
decomposition of the excess N2o. 
In order to determine the identity of the extra reaction product 
mass spectrometric analyses were made of the reaction vessel contents 
after the reaction mixture had been allowed to react for different 
times. The sampling procedure adopted hns ｡ｬｲ･ｮｾ＠ been described in 
the section dealing with the effect of ｯｾｧ･ｮ＠ on the N20/H2 reaction. 
S&nplos were taken at t, g1 ｾｴ＠ lO, 15 and 20 minutes of reaction and 
the pressure change and N20 concentration followed during _the course 
of each reaction. 
The mass spectrum of N2o has a peale due to NO+ which is about 
15% that of the parent N2o+ peak. This might obscure any nitric 
oxide present in the reaction mixture. In order to resolve this 
problem the mass spectrometric analyses of reaction mi:A.'tures were 
carried ou·'c; at high resolution so that the doublets at m/d = 44-
due to N2o end C021 and at m/e. = 28 due to N2 and CO were resolved. 
It was therefore possible to see whether the NO+ ｰ･｡ｾ＠ orose pre-
dominantly from nitrous oxide or whether es the reaction proceeds 
The results of the mass speotro-
metric analyses o.re tabulated in appendix 2.2. The following 
points emerge: 
1) N2o+ peak decreases linearly with N20 pressure (i.e. as the 
reaction proceeds), a plot of N2o+ peak height against N2o pressure 
has o. positive intercept on the N2o+ axis due to the N20 present in 
the dead space between the sampling volume and reaotion vessel. 
2) ｃＰ Ｒ ｾﾷ＠ petik increases as the reaction proceeds. 
3) The ratio NO+/N2o+ remains constant rdthin experimental error 
(±lo%) over the whole reaction period. 
ＴｾＩ＠ The o2 + peak increases with reaction time up to about 10 
minutes reaction and then decreased. 
5} There was no N02 detected. 
The pressure increase durlng the course of the reaction is shovm 
in Fig. 2.6a. It will be seen that in the later stages of the 
reaction there is a slight docrease in the size of the pressure chnnge. 
A plot of o2+ peclc height against pressure increase is a very good 
straight line for the first 4 samples (i, 2, 5 and 10 minutes of 
reaction), the line passes through the origin. At 15 and 20 
minute sample times the o2+ peak height decreases ＨｆｾｧＮ＠ 2.6b). The 
evidence therefore confirms that the pressure increase observed during 
the course of reo.cti. on is due to the production of oxygen. It 
ｾｰｰ･｡ｲｳ＠ that ｯｾｧ･ｮ＠ is slowly used up in the later stages of reaction, 
presumably because of reaction with carbon monoxide. 
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(v) Order of O;ygen Producing Reaction: 
Because a mercury manometer is relatively insensitive to 
small pressure changes, reliable data on the initial rates of 
oxygen production were difficult to obtain. In mixtures oon-
ｴｾｩｮｩｮｧ＠ initial N2o pressures below about 100 mm Hg and/or con-
taining a large excess of carbon monoxide the pressure increase 
was too small for even moderately reliable measurement. A plot 
of the log (initial rate of oxygen production) against the 1og of 
nitrous oxide pressure for all reaction mixtures with an initial. 
CO pressure of 100 mm Hg gives a straight line of slope 2. The 
points are scattered but there is a sufficient number of them to sea 
tho.t. the o:xygen producing ret\ction is seoond order in nitrous o·xido 
(Fig. 2. 7). Plots of log10 (initial rate of 02 production) against 
log10 carbon monoxide pressure have a negative slope of about 0.6. 
As Fig. 2.7 Shows1 the points are badly scattered1 but the negative 
order of reaction in carbon monoxide is clearly in evidence. The 
scatter in experimental points is as much a result of the difficulty 
in measuring accurately the small pressure changes involved as of 
irreproducibility of the overall kinetics. The points shown on the 
graphs are taken from runs carried out over the whole 7 month experi-
mental period. 
(vi) Chemiluminescence: 
The overall combination reaction of ground state ｯｾｧ･ｮ＠ atoms 
with carbon monoxide to yield ground state carbon dioxide is spin 
forbidden and ｾｩｧｨｬｹ＠ exothermic: 
o(3P) + co(1 (:+) -} co2(
1 f ;) 0. H298 = -127.2 kco.t/mole 
.• J ;;·. 
The reaction initially results in the formation of ･ｬ･｣ｴｲｯｮｩ｣｡ｬｾ＠
excited carbon dioxide. The excited co2 may lose ener_gy in two ways; 
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by a radiative transition to ground state co2 or by e non radiative 
transfer of energy in a bimolecular collision with another molecule. 
e.g·. Radiative deactivation ｃｏｾ＠ ｾ＠ Co2 + ·hv (3) 
Collisional deo.cti vation ｃｏｾ＠ + M ｾｃｯ Ｒ＠ + M (4.) 
Ｈｃｏｾ＠ = electronically excited co2) 
It is reaction 3 that accounts for the observed chemiluminescence. 
Dixon [ 57] has shown that the chemiluminescence observed in the 
oxidation of carbon monoxide is due to transitions from an electronic-
nlly excited 1 :JB:.2 state of co2 to the 
1 t:.+ g ground state. This is 
contrary to the earlier suggestion of Gayden (in an extensive review 
of evidence up to 1957 relating to CO flame emission), that the chemi-
luminescence was due to a radiative transition from a bent triplet 
state derived from 3'11" Co2 to higher vibrational levels of the ground 
sta.te [ 73) • Dixon's spectroscopic analysis and interpretation of the 
CO flame bands confirmed Clyne and Thrush's suggestion that spin 
reversal of the excited C02 occurred before radiation took place [ 74]. 
In the N2o/CO reaction the intensity of the n glow" arising from 
the ｣ｯｾ＠ chemiluminescenoe decreases sharply in the initial stages of 
reaction. The initial intensity of the glow depends on both the 
initial pressures of CO and N2o. Figures 2.8a and b. show the genera]. 
features of the decay of glow intensity. It will be noticed that the 
rate of decrease of g1ow ｩｮｴ･ｮｳｩｾ＠ in the initial stages of reaction 
increases with increasing percentage of N2o present in the reacting 
mixture. Thus curve 128 is steeper than curve 120 in Fig. 2.8a1 
and curve 132 is steeper than curve 125 in .Fig. 2.8b ｾｲ＠ the early 
part of reaction. 
(vii) Production of. Carbon Dioxide: 
The amount of carbon dioxide produced during the N20/CO reaction 
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is not equal to the amount of N2o consumed beoo.use a smoll omount of 
N2o decomposes giving oxygen by tho overall reaction: 
Two molecules of nitrous oxide yield one molecule of ｯｾｧ･ｮＮ＠ At my 
given time, t, during the reaction, the amount of co2 produced is given 
by the totul pressure of N20 consumed minus twice the pressure of 
ox.ygen produced. 
It is therefore possible toconstruct reaction curves showing the increase 
in carbon dioxide pressure during the course of a reaction. Typical 
curves are shown in Figs 2.9. It can be seen that at constant initial 
CO pressure (Fig. 2.9a) there is a smooth increase in rate of reaction 
as the percentage of N2o is increased. Where the initial pressure of 
N20 is held constant, however, the increase in rate with [ CO]o in 
ｭｩｸｴｴｾ･ｳ＠ with an excess of carbon monoxide is smaller than expected. 
The "glow" intensity observed at a particular time during a. 
reaction is proportional to the rate of production of co2 by the 
radiative process 3. 
(J) 
The total emount of co2 produced by the reaction up to that time is 
therefore proportional to the area under the glow intensity vs. time 
curve. Integration of these "glow curves" proirides a measure of the 
carbon dioxide ｾｯ､ｵ｣･､Ｎ＠ In practice, the integration was carried 
out manually by dividing the curve into small trapezium shaped segments 
and summing the. areas of the segments at differont time ｩｮｴ･ｲｶ｡ｬｾＮ＠
The integral glow v.s. time curves corresponding to the glow curves 
in Fig. 2.8 and to the co2 production curves in Fig. 2.9 are shown 
in Fig. 2olO. The integral glow curves have the same general shape 
as the co2 production curves which suggested that the production of 
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Co2 by the ra.diati ve process was "congruent" w1 th the total produc-
tion of co2 during the reaction. A series of runs was carried out 
using 2:1, ｾＺＱ＠ and 1:2 N20/CO mixtures to test this congruency. A 
run observing the consumption of N2o at a given reaction mixture 
pressure was immediately followed by a run in which the decrease in 
glow intensity with time ｷｾｳ＠ measured. In this way it was hoped that 
each pair of runs would be carried out under as nearly identical 
conditions a.s possible, and so the irreproducibility ｷ｡ｾｾｮｩｭｩｳ･､Ｎ＠
The production of OXYgen during both runs in the pair was observed 
and the average pressure of o2 was used to construct the co2 
production curve. 
Plots of integral glow against calculated C02 pressure at fixed 
times for each pair of runs were straight lines ｾｨｯｷｩｮｧ＠ that carbon 
dioxide production by the radiative process is proportional to . the 
total C02 production in the reaction. The slope of an integral 
glow/tco2) line is proportional to the relative rate of the radiative 
process against the total rate of co2 production. Fig. 2.11 shows 
the integral glow/tco2) plots for the reactions considered in Figs. 
2.8, 9 and 10, and table 2.4 gives the slopes obtained from all the 
runs in this series. It may be seen that the rate of the radiative 
process relative to the total rate of C02 production tends to increase 
as the total pressure decreases. This suggests that, as expected, 
carbon dioxide is a1so produced by a non-radiative, pressure dependent 
process. 
(viii) .Ao·ti vation Energx: 
There are three primary processes being measured in the N20/CO 
ｲ･｡｣ｴｩｯｾＬ＠ name1y, the overall disappearance of nitrous oxide (UoV. 
absorption measurement), the production of oxygen (pressure change) 
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Table 2,.4 Rate of Radiative Process/Rate of co2 Production 
Run [ N2o] . /[CO] Total pressure Integral glow/( C02] 0 0 
105/6 1:1 402 mm Hg 0.117 ::!:. .oo6 
107/8 302 0.145 ± .003 
109/10 203 0 .188 ±. • 002. 
111/2 151. o. 240 .± • 004 
113/4 99 o. 293 .± • 009 
115/6 60 0.278 ± .012 
123/4 1:2 450 0.129 ± .004 
125/6 303 0.186 .±. .003 
117/8 226 0.236 ± .009 
119/20 150 o. 299 .± • 014 
121/2 90 0.400 ±. .013 
..,.,. 
127/8 2:1 303 0.170 .± .004 
129/30 228 0.208 ± .007 
131/2 151 0.265 ;t .003 
133/4 113 o. 295 .±. • 006 
135/6 75 0.346 ± .016 
137/8 44 0.246 ± .007 
Table 2.5 .Activation Energies for N20/CO reaction 
Process Er .kcal o- kcal 
ＭＭｾ＠ . .......,..efii 
N2o decomp,. 57.8 . ±·1.5 
N20/CO reaction 59.7 ± 1.5 
02 production 59.9 .±. 4.4 
Total Co2 production 57.7 .:!:.. 2. 0 
Integral glow 46.4 ± 1.5 
ｾｧｲ｡ｬ＠ tsl<m ｾ＠
co2 production - 7-3· ± 1.4 
-------------------------- -- - -·- -· 
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and. the production of carbon dioxide by the radiative process (glow 
intensity measurement). The effect of temperature on these processes 
and on the ､ｯ｣ｯｭｰｾｩ＠ tioh of N2o a1one was investigated over a tempera"-
ture range 650 to 750°C. At each temperature runs were carried out 
in the following sequence using a 1:1 mixture of N20/CO at a total 
pressure of 200 rnm Hg. 
r. Thermal decomposition of N2o (100 mm Hg-) 
2. N2o/CO reaction, N2o disappearance. 
3/4.. N20/CO reaction, glow intensity measurement. 
5. N2o/CO ｲ･ｾ｣ｴｩｯｮＬ＠ N2o disappearance. 
6. Thermal decomposition of N20 (100 mm Hg) 
Each effect was therefore studied in duplicate and avero.ge reaction 
curves were drawn for N2o consumption (both in N2o/CO reaction and 
N2o decomposition) and ｦｯｾ＠ integral glow. The pressure change during 
the N20/CO reaction wo.s measured in rill runs (2 to 5 inclusive), and 
an average curve showin$ the production of oxygen was constructed from 
the results of four runs, which minimised the errors involved in follow-
ing the small pressure changes. 
The reaction curves for N2o consumption, integral glow and 02 
production in the N20/CO reaction and for N2o de-composition at the 
different temperatures were compared with those for the "standard" 
reaction at 700°C. The ratios of the overall rate constants for a 
particular process at 700°0 (kt/k700) were ｣｡ｬ｣ｵｬｾｴ･､＠ using the method 
described in appendix 1.2. The ＮｾＮＧ｜ｲｬｩＧｨ･ｮｩｵｳｰｬｯｴｳ＠ (log10 kt;1c700 v.s. 
reciprocal temperature) are shown in Fig. 2.12. Table 2.5 gives the 
activation energies (Ea)together with their standard deviations ( Ci ) 
for the processes obtained from the least squares slopes. The active.-
tion energy of 57o8 ± 1.5 kcol £or N2o decomposition is in good agreement 
with the 58.5 kcnl obtained by other workers. The overall N20/CO :-
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reaction appears to have an activation energy slightly ?igher than 
N20 decomposition, though the discrepancy lies almost within the 
error limits. The production of ox.ygen during tho reaction has the 
same activation energy as the overall reaction. The larger error 
limits are due to pressure measurement uncettainties. The radiative 
reaction 
(3) 
has, however, a significantly smaller activation energy than the overall 
N20/CO reaction. The discrepancy is of the order of 12 kcal and shows 
that as the temperature rises the. l""eaetions not invol'\l:ing Ｚ ｾｍｩｳｾｩｯｮＮ＠
fi.om ·· the ･ｸ｣ｩ［ｯ､ＮＭＮｾ Ｒ ﾷ＠ . .-n.tat-6.· Of ee2 booomo more fa.vour.od ｴｬｬｾｮ＠ 0 '!·'i CO 
Ｇﾷｾ ﾷ＠ c.o2 _., ':h \l,··;M This is borne out by the ratio of co2 production by 
reaction 3 to total carbon dioxide production (integral glow/C02 pressure) 
which has an apparent activation energy of -7.3 ± 1.4 kcal. Fig. 2.12 
also shows the log10 of integral glow/co2 pressure ratios plotted against 
reciprocal temperature. 
(ix) Reproducibility 
It has been shown that the N20/CO reaction is markedly catalysed 
by water and that although great care was tclcen to remove water both 
from the prepared gases and from the vacuum system, very small traces 
of water may be the cause of the observed irreproducibility. From 
time to time during the course of the investigation of the N2o/CO 
reaction fresh samples of CO and N2o were prepared to replenish the 
storage volumes. 1\n analysis of 100 or so runs used to determine the 
order of reaction was carried out to see if a definite correlation could 
be made ｢･ｾｶ･･ｮ＠ the initial rate data (i.e. whether a particular reaction 
appeared faster or slower than the "normaJ." rate), and the preparation 
of fresh batches of gases. The "normal" rate was taken as that given 
131. 
by the least squares line in the individual order of ree.oti on plots 
shown in appendix 2.3. The majority of runs provided points for 
both the order with respect to N2o and order vdth respect to CO plotsa 
In most cases ･ｾ＠ run which appeared faster (or slower) than normoJ. in 
one order plot also appeared faster in the other order plot. Appendix 
2.3 lists the runs indicating whether they are faster or slower than 
normal, and also indicates where fresh gases were prepared. It can. 
be seen that there is a tendency for long series of runs to be faster 
or slower than normal, but the correlation between them and the ｰｲ･ｰ｡ｲ｡ﾷｾ＠
tion of gases is not very marked. In some oases the series of runs 
carried out with the same batch of gases are in the main slower (Runs 
39 to 67) or faster (Runs 105 to 138) than normal, but in others the 
rates may start off slower, become faster, and than become slower again 
(Runs 69 to l04)o A definite effect was observed in the early stages 
of the investigation when water was deliberately added to the reaction 
mixtures. The next day the line was used the "aryn reactions appeared 
faster than normal even though the vacuum system had been thoroughly 
pumped down to 10-4 torr and left open to the charcoal/liquid air trap 
overnight. On another occasion the vacuum ｳｹｳｴ･ｾ＠ leruted overnight and 
rose to atmospheric pressure. After pumping the line for a day and 
leaving it open to the charcoal/liquid air trap overnight the next run 
was slower than normal, even though the preceding runs using the same 
gases were fester. 
It is possine that traces of water are a factor in causing irre-
produoibility. The amounts of water involved must be smaller than the 
0.01% concentration which is the nnnimum level detectable with ｡ｾ＠ degree 
of certainty using mass spectrometric analysis (no sample of gas prepared 
showed any evidence of water in the nn.alyses). It is uncertain whether 
the cause is water initially present in the gases or absorbed on the walls. 
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It is possible, though less likely, that a heterogeneous process is 
occurring alongside the homogeneous gas phase reaction ＨｾＮｦＮ＠ Bawn (34}). 
Such a process might be expected to be dependent on the condition of 
reaction vessel walls which in turn would depend on the history of 
the reaction vessel. 
DISCUSSION 
(i) Is there a dry reaction? 
It is perhaps ｵｮ｣ｯｮｶ･ｮｴｩｯｮ｡ｾ＠ to head a thesis discussion with a 
question, but combustion reactions in which ｯｾｧ･ｮ＠ appears as a pro-
duct are not common. An attempt at answering this question must be 
made as the role of water in the oxidation of carbon monoxide has not 
been completely elucidated- The main problem confronting investiga-
tions of the dr,y molecular ｯｾｧ･ｮＯ｣｡ｲ｢ｯｮ＠ monoxide system is the diffi-
culty of developing chain branching processes bearing in mind the low 
rate of the initiation processes. There is no such problem in the oase 
of nitrous oxide. At the temperatures of these experiments nitrous 
oxide decomposes at an appreciable rate and there is an abundant supply 
of ox.ygen atoms with which to initiate reaction ohoins. On the other 
hand N2o does not provide a means for chain branching. Experimentally, 
it has been shown that the addition of small amounts of water increases 
the rate of the N20/CO reaction ani what must be decided is whether 
water is indispensable to the mechanism of N2o oxidation of co. 
Unfortunately the experimental results do not provide an unequivocal 
answer and us a basis for this discussion the evidence for aniagainst a 
dry reaction is presented below: 
Evidence for a dr,y reoction:-
a) ｏｾｧ･ｮ＠ is produced in small quantities during the reaction. If 
water WGl'e present in significant amounts it would be expected that 
the oxygen formed would react with carbon ｭｯｮｯｸｩ､Ｈｾ＠ and that no pressure 
cha.nge during the reaction vmuld be observed. 
b) The addition of very small amounts of water causes the pressure 
change to disappear.. This is the corollary of point a). A 1:1 
mixture of N20/Co at a pressure of l1-00 mm/Hg shows a pressure change 
of about 15 to 20 mm/Hgo The addition of about 0.1% water increases 
the reaction rate by only about threefold, whereas the pressure change 
disappears. 
c) Coleman and Reuben, using the same apparatus as this work, have 
sho'vn that the glow intensity is much reduced when water is added to the 
N2o/CO reaction [ 41]. This suggests that either a different mechanism 
is involved in the "wet 11 N20/CO reaction or that H2o is a. much more 
efficient third ｢ｯｾ＠ in deactivating electronically excited co2 than 
N20 or CO (probably in the order of 100 times more efficient). 
d) The activation energy of the dry N20/CO reaction is close to 
that of N2o decomposition (59.5 and 57.8 kcal respectively). Coleman 
obtained o.n activation energy of 67 kcal for a. "wet" N20/CO reaction. 
Pickering also observed an activation energy difference between the 
11 dry" ani "wet 11 reactions (55 and 70 kcal respectively) o This again 
suggests that the "wet" reaction proceeds by a different reaction path. 
Evidence against a "dry" reaction: 
e) The last part of the results section examines in detail the 
poor reproducibility of some of the experimental results. The worst 
scatter occurred at low nitrous oxide pressures and to a lesser degree 
at low carbon monoxide pressures. If water takes part in the reaction 
free radicals could be formed by 
0 + H 0 ｾ ﾷ ﾷＲＰｈ＠2 .,.., (8) 
and/or ｰｯｳｳｩ｢ｾ＠ by excited carbon dioxide releasing sufficient energy 
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to dissociate H2o .on being deactivated. [63] 
:JE C02 + H2o ﾷ ｾﾷ ｾ＠ Co2 + H + OH 
If it is assumed that the CO prepared from sodium fermate and 
sulphuric acid has very small traces of water ｡ｳｾｾ＠ ｩｾｰｵｲｩｴｹ＠
then it would account for the irreproducibilityo 
f) The introduction of OH or H radicals into the N20/CO system 
would result in a reaction cycle of the form: 
OH + CO _, C02 + H 
H + N20 ｾ＠ N2 + OH 
(9) 
(10) 
These chain propagating steps are analugous to ｴｨｾ＠ ｾｨ｡ｩｮ＠ propagating 
steps in the N2o/H2 reaction. 
i.e. OH + H Ｍｾ＠ H 0 + H 2 2 (9') 
(10) 
The rate constants for reactions 9' and 9 at 700°C are of a similar 
size. Schofield's value for k9 , = 6.3 x 10-
11 
exp (-5490/RT) cm3 
molecule -l sec -l [59] gives a value at 700.0C of 3. 68 x lo-12• Baulch, 
Drysdale and Lloyd recommend a value for k9 = 7 x 10-l3 exp (-1080/RT) 
cm3 molecule -l sec - 1 [ 75] which gives 4.0 x 1o-12 at 700°C. It is to 
be expected, therefore, that a chain propagation involving 9 and 10 
would be of a similar efficiency to the chain reaction of N20/H2 
system and a chain length of about 1000 would be expected. This 
would lead to a rapid consumption of N2o and CO once a chain had 
been started. 
g) The N20/CO reaction is 2 to 3 times faster than the N2o 
decomposition. It is difficult to write a chain mechanism to 
account for this result involving only l01own reactions of N2o and 
CO. The oxygen atoms prodm ed in the initiation step can only 
recombine in some way (a.t wo.lls or in the gas phase, or react with 
N2o to give ｯｾｧ･ｮ＠ or nitric oxioe), or react with carbon monoxide. 
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In this case the N20/CO reaction would be expected to proceed at 
a similar rate to the N2o decomposition. If, however, H and OH 
radical propagation of the reaction chain ｯ｣｣ｵｲｲ･ｾ＠ every 300 or so 
reactive oxygen atom collisions, then the N20/CO reaction would be 
expected to be about 3 times faster than N20 decomposition. 
h) Finally it must be pointed out that the ｭｯ､･ｾｮ＠ consensus of 
opinion does not favour a mechanism for CO oxidation that does not 
involve the participation of hydrogen and qydroxyl radicals; except 
perhaps when hydrogen containing impurities are in less than p.p.m. 
quantities [29 to 33, 76]. These concentrations ｾｲ･＠ well below the 
limits of detection employed in this work. 
An explanation as to why the N20/CO reaction is faster than N2o 
decomposition which does not invoke the Hand OH radical chain mechanism 
discussed in points f) and g) could be provided if it were assumed that 
:Ji C02 was capable of causing the decomposition of N2o on collision. 
i.e. Ｍ ｃｏｾ＠ + N2o ·-4 C02 + N2 + 0 
In this way u cycle of the type: 
o + co2 ｾ＠ ｣ｯｾ＠
｣ｯｾ＠ + N2o ｾ＠ ｣ｯｾ＠ + N2 + o 
(2) . 
(4') 
could be imagined. This hypothesis is an attractive one and would 
only require a chain length of about 10 to account for the observed 
increase in initial rates. It would also explain to some extent the 
tendency for the N2o/CO reaction rote to approach that of the N20 
decomposition in the latter stages of reaction. If the excited ｃｏｾ＠
was in the ｾ Ｚ Ｒ＠ sto.·t;o proposed by Dixon [57] there would be sufficient 
energy released to cause N2o to dissociate. The peruc intensity of 
1 0 
the :B.2 C02 emission occurs in the region 4000 to 4500 A and is al..most 
certainly due to transitions to excited vibrational levels of ground 
Even if the maximum intensity corresponded to a 
transition to the ground vibrational level of the ｧｾｯｵｮ､＠ electronic 
state the energy released would be of the order 0f 70 kcal which is 
greater than the 58 kcal required to· activate N2o. The ability of 
electronically excited carbon dioxide to cause dissociation of mole-
cules with which it has collided has been postulated for o2 by 
Sulzma.nn, Myers and Bartle [ 31] who suggested that in shock heated 
mixtures of o2/CO chain propagation occurred by the process 
･ｯｾ＠ + o2 ｾ＠ co2 + 20; 
This was later disputed by Brokaw [ 3.2) who suggesti0d that Sulzma.nn et 
al' s results would be explained on the basis of an H and OH radical 
promoted chain if the hYdrogeneous impurities in Sulzmann's gases 
were in 10 to 20 p.p.m. concentrations instead of the claimed 1 p.p.m. 
For a. "'drytt reaction a possible mechanism could be of the form·: 
initiation (1). 
followed by the reaction of ｯｾｧ･ｮ＠ atoms with carbon monoxide to give 
excited co2 
o Ｋ｣ｯｾ＠ ｣ｯｾ＠
. 2 (2) 
It is a debatable point whether the initial formation of excited co2 
requires the presence of a third body or whether the ＰＰｾ＠ is formed by 
a bimolecular process followed by stabilisation of the ｣ｯｾ＠ by collision 
with another molecule before it has redissociated. A fuller discussion 
concerning the formation and deactivation of ｃｏｾ＠ is given in a later 
section. 
Since the ratio of co2 produced by a radiative process to total 
co2 produced in the reaction increases as the total pressure decreases 
ｃｏｾ＠ must be deactivated by both radiative and collision induced processes 
｣ｯｾ＠ ｾ＠ co2 + h ｾ＠ (3·) 
(lr.) 
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There must also be secondary reactions to ｡｣｣ｯｵｮｾ＠ for the production 
of o:xygen and these will be deoJ. t with in the ne ＺＺＮＺｾＺＭＺＺ［＠ section. As en 
explanation fb r the increased rate of reaction compared with N2o 
decomposition the reaction 
ｃｏｾ＠ + N2o --7 C02 + N2 + 0 
must be tentatively included. 
(4') 
Because recent work has shown that water in p.p.m. quantities 
can affect results in oxygen/carbon monoxl.de systems the effect of 
introducing water into the reaction mechanism will now be considered. 
If water is present a chain ini.tiating step 
0 + ;H20 ····· :720H 
(or much less likely ｃｏｾ＠ + H2o Ｍ ｾ＠ C02 + H + Oli) 
followed by propagation 
OH + CO ｾ＠ Co2 + R 
1lf + N2o ....... ｾ＠ N2 + OH 
(8) 
(9) 
(10) 
and vo.rious termination steps involving Hand OH must be added to the 
reaction scheme. The reaction therefore may be considered as a 
competi. tion between carbon monoxide ood water for the oxy-gen o.toms 
produced by N2o decomposition (neglecting the small amount of ｯｾｧ･ｮ＠
produced). 
. 2ACO + (M) Ｍｾ＠ ｃｏｾｾ＠ CO 
i.e. o---a 2 2 ｾｾＰ＠ ｾ ﾷ＠ 20H •• Chain process • • ｾ＠ C02 
The relative efficiencies of reactions 2 and 8 would be given by the 
ratio of their respective rates. Schofield suggests a value of 
1c8 = 1.4 x l0-
10 
exp ( -18., 000/RT) cm3 molecule -l sec -l [59], this gives 
-14 a value of k 8 = 1.27 xlO at 700°C. There are no reliable values 
for k 2 since the majority of experimental work on oxygen atom reaction 
with CO has been bedevilled by uncertainties over the extent to which 
hydrogen containing impurities play a pnrt in the reaction. Bauloh1 
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Drysdale and Lloyd [ 75], in attempting to correle.te the widely 
scattered experimental data, predict a value of about 
. ｾＩ＠15 6 -2 -1 ( -33 3 -2 sec 2 x 10 em mole sec 9.5 x 10 om molecule 
for the overall reaction 
0 + CO + M ＧＢＧＨＭｾｾｃｯ Ｒ＠
at 700°C and suggest an activation energy of about 2.5 kcal. Wong, 
Potter and Belles obtained an upper limit of 1.04 x 1o-34 cm6 
molecu1e-2 seo-l at 500°0 in a stirred flow reactor, and point out 
that in earlier work (on which Baulch et al's estimation is based) 
minute traces of hydrogeneous impurity would 1ead to higher values. 
The efficiency of reaction 2 to reaction 8 is: 
Rate{2) = k 2(CO)( O](M] = 
Rate(B) k 8[ H2o][ o] 
k2[M] • [CO] 
1c8 ｛ｾｯ｝＠
If Wong et al's estimate for k8 is truten and ｂ｡ｵｬｾｨＧｳ＠ activation energy 
-34 6 -2 -1 of 2.5 kcal is assumed, k 2 = 1.54 x 10 om molecule sec • Ｑｾ＠
usual pressure in the reaction studied here was 200 rom Hg which gives 
a value for (M] of 2 X 1018 molecule cm-3 at 700°C. 
• 
•• 
k2(M] = 2.43 X l0-2 
ka 
Assuming that the difference in relative rates of the N20/CO reaction 
and N20 decomposition (3:1) is due entirely to Hand OH propagated 
chains, then Rate(2) to Rate(8) would be about 300:1 (point g) then: 
k2[M] • [CO) = 300 
--ks ｛ｾｯ｝＠
This provides an estimate of the relative concentrations of carbon 
monoxide and water 
[CO] 
-
= 3 X 102 
-2 2.43 X 10 
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The concentration of water in the system would therefore 0e of the 
order of 80 p.p.m. This is below the limits of detection by mass 
spectroscopic analysis. Variations in water concentrations of lO's 
p.p.m. would therefore account for the observed irreproducibility. 
A further point must be added. Since o:xygen is produced 
during the reaction there would be a likelihood that the water 
initiated chain reaction would become more predominant due to the 
addition of the chain branching reaction 
Ｎｾ＠ + o2 - ｾ＠ OH + 0 
and it would be. expected that as the reaction proceeds its rate 
relative to N2o decomposition would increase. In fact the opposite 
is true. However small amounts of nitric oxide must be formed 
alongside the OJcy"gen formo. tion [ 5] • It was shown in the first 
part of this thesis that the N20/H2 reaction was inhibited by nitric 
oxide and therefore NO would have a modifying effect on the extent of 
the chain reaction and hence on the branching effect of molecular 
ｯｾｧ･ｮＬ＠ and it is possible that the small amounts of NO formed cause 
the observed decline in the rate of the N2o/CO reaction relative to 
N20 decomposition. 
There is a suggestion that the effect of water is not as great 
as the preceding discussion supposes. This is provided by the fact 
that the addition of water in quantities of the order of 0.1 to 0.4% 
in 1:1 mixtures of N20/CO (at pressures between 400 and 100 mm Hg) 
produce an increase in rate over the dry reaction of only 3 to 6 times 
(Table 2.1). These results were not repeated and can only be con-
sidered tentative. Noticeable reaction occurred as the gases were 
admitted to the reaction vessel so that the initial rates obtained 
are probably not reliable. The results of Coleman and Reuben [ U] 
on the wet reaction will probably clarify the situation. 
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It is not possible to rule out the presence of 80 po:;?,,m. water 
in the prepared gases. On the other hand ｴｨ･ ｾＺ Ｍｯ＠ is some •3Vidence 
that the fuJ.l effect of water is inhibited by sr:rA.ll amounts of nj_trie 
oxide. It is impossible to accurately estimate ·the extent of the wet 
reaction, but it is possible to ascribe to it the irreproducibility of 
the "dry" reaction. The fact that molecular ｯｾｧ･ｮ＠ is produced and 
that appreciable chemiluminescence was observed suggests that a. "dry11 
reaction (i.e. one in which C02 is produced by the reaction of 0 atoms 
with carbon monoxide) occurs at a comparable rate to any possible H and. 
OH propagated system. 
(ii) Oxygen Production 
The production of ｯｾｧ･ｮ＠ during a combustion process is unusual 
though Reuben et al observed a slow pressure change during the reaction 
of N2o vdth so2 and suggested that it might be due to the formation of 
o:xygen [ 6,36]. There are four processes by which ｯｾｧ･ｮ＠ may be formed: 
i) ll termolecular reoombinati.on of oxygen atoms 
(5) 
ii) Reaction of ｯｾｧ･ｮ＠ atoms with nitrous oxide to give nitrogen 
and molecular oxygen 
0 + N2o Ｍｾｎ Ｒ＠ + 02 
or iii) With N2o to give ni trio oxide 
0 + N2o 4 2NO 
(6e.) 
(6h) 
followed by oxidation of nitric oxide to give No2 which in turn reacts 
with further N2o to yield molecular oX,Ygen with the regeneration of 
NO [ 5,8] 
0 + NO + M ----;} No2 + M 
N02 + N2o ＺＮ ｾｎｏ＠ + 02 + N2 
and finally, 
(6c) 
(6d) 
iv) The destruction of 0 atoms at the reaction vessel walls 
(7) 
--------------------------------··- ... ------. 
llf].Q 
Experimental evidence has shown that the :;;rr.ofl.uotion ｾＺｅＧ＠ oxygen 
is second order in nitrous oxide and has a smaJ.2. negative depenctenoe 
on the CO pressure (order app. -0.6). The ｲ･｡ｾｴＮＡｯｮ＠ ｭ･｣ｨｾｮｩｳｭ＠ for 
N2o oxidation of CO is of the form 
N2o Ｍ ｾ＠ N2 + 0 
0 + CO + ＨｍＩｾ＠ Co2 + M 
0 termination to give o2 
(1) 
(2') 
The inclusion of a water propagated reaction and the various possible 
fates for electronically excited co2 will not affect the overall 
kinetics and would complicate analysis. 
Oxygen atom termination at reaction vessel walls as a major step 
can be ruled out since if 
(7) 
is added to the reaction scheme, ｳｴ･｡ｾ＠ state treatment suggests that 
the rate of ｯｾｧ･ｮ＠ production should be first order in nitrous oxide. 
Destruction of 0 atoms at the reaction vessel walls is tmlikely 
to be important for the further reason that its rate is very much 
smaller than the competing reactions of 0 + CO, and 0 + H2?. Kaufmann 
et al estimate that 1c7 = 17 sec -l [ .5] at 700°C for their cylindrical 
silica reaction vessel at pressures of the order of 100 mm Hg. In 
order to compare this first order rate process with the bimolecular 
ＨｯＷｾ･ｅｭｯｬ･｣ｵｬ｡ｲＩ＠ processes of 0 +CO, the rate constant k7 must be 
converted to a pseudo 2nd order constant by dividing k7 by the 
pressure. The value is about 8 x lo-18 which is much smaller than 
( ) -16 3 -1 -1 the k2 0 + CO of 3.08 x 10 om molecule sec • 
(See Table 2.6 for a tabulation and comparison of rate constants). 
Gas phase ｯｾｧ･ｮ＠ atom recombination 
(5) 
--------------------------------- ----- - ---- -
yields n complicated steady state expression for the rate of o2 
production 
2
·d[ 02] = k 2 ,[ C6] .± J(k2 ,[CO] )
2 
.... + 4k1k5[ N;oj(MJ 
dt 
which nt best is only first order in [ N2o] and ｃＺｾｰｰｲｯｸｩｭ｡ｴ･Ｚｌｹ＠ first 
order in [CO]. The rate of reaction (5) relative to oxygen o.tom 
reaction with CO is of the order of 10-3:1 (assuming [ 0] is 0.1% [CO] 
and using k5 given in Table 2.6), and so reaction 5 will be negligible 
in oxygen formation. 
The remaining two reactions postulated to account for ｯｾｧ･ｮ＠
formation both involve ｯｾｧ･ｮ＠ attack on nitrous oxide. The overall 
stoiohemetry of both processes mo.y be considered to be 
(6') 
Unlike the other processes reaction 6' occurs at a similar rate to 
( -16 3 -1 -1 the 0 +CO reaction k6, = 2.94 x 10 em molecule· sec for NO 
production or 1.47 x lo-16 for .. N2 + o2 compared with a. value of 
-16) k2, of 3.08 x 10 • ｓｴ･｡ｾ＠ state treatment gives the rate of 
OxYgen formation: 
d[02] 
dt 
= k 6 , k1 (N20] 
2 
k 2 ,[CO) + k 6 ,[N20) 
The k 2 ,(CO] term should include the reaction of [CO] by the Hand OH 
chain cycle and/or by a cycle initiated by the disso.ciation of N2o 
by electronically excited co2• In which case it is ｰｾｯ｢｡｢ｬ･＠ that 
the k2, [CO] term is greater than k6, [ N2o] and the d[ o2]/dt becomes 
second order in nitrous oxide, and approJd.mately -1 order in carbon 
monoxide which is close to the experimental result. The order with 
respect to carbon monoxide must be modified to take into account that 
portion of the CO that is oxidised in the H and OH chain process and 
does not therefore compete for 0 atoms. The order with respect to 
CO is ｰｲｯ｢｡｢ｾ＠ closer to the experimental value of -0.6 than is 
indicated by the steady state derivation of d[ o2]/dt. 
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The formation of oxygen as a result of the reaction of ｯｾｧ･ｮ＠
atoms with nitrous oxide implies that ni trio oxide must also be formea .... 
Indeed since the rate constant for 
0 + ｎ Ｒ ｯｾﾷＲｎｏ＠ I " ) ｾＮ｢｢＠
has been estimated by Kaufmann et al [ 5] to be about twice tha.t for 
the reaction 
(Ga) 
the majority of ｯｾｧ･ｮ＠ formed m,ust come from subsequent reactions of 
nitric oxide. Kaufmann suggested that the following reactions played 
a major part in the decomposition of N2o. 
0 + NO + M--7 N02 + M 
and No2 + N2o ｾ＠ N2 + 02 + NO 
(6c) 
(6d) 
Kaufmann et al included 6d because they required a process that 
regenerated NO and produced 02 whilst at the same time leading to the 
destruction of a further N2o molecule. Nitric oxide inhibits its own 
formation during the course of reaction by NO removing ｯｾｧ･ｮ＠ atoms 
more efficiently than N2o. The reaction 
0 + ｎＰ Ｒ ｾ＠ N2 + 02 (6e) 
was rejected by Kaufmann et al as it did not involve the removal of' a 
further N2o molecule. The 0 + N02 reaction as a competition for 0 
atoms and as a source of molecular oxygen cannot be ignored as it is a 
much more efficient reaction than 0 + NOo -11 = 1.85 X 10 
3 -1 -1 -5 
em molecule sec·-.. , and therefore with N02 concentrations 10 times 
smaller than that of N2o the reaction, 0 + ｎＰ Ｒ ｾ＠ N2 + o2 would be 
competitive with the other 0 atom reactions, It is possible that NO 
formation in the N20/CO reaction is self inhibiting because reaction 6 
(0 + No2) competes preferentially with the nitric oxide producing reaction 
6b (o + N2o) rather than reaction 6d (0 +NO+ M)o ｉｾ＠ this were the 
case NO and N02 concentrations would be small and certainly less than 
the 0.5 to 1% that is detectable by mass spectrometric analysis. 
It is concluded that the reaction 0 + N2o --7 2NO and subsequent 
oxygen atom reactions on nitric oxide and nitrogen dioxide contribute 
a major part of the oxygen produced during the N2ojco reaction. 
(iii) Chemiluminescence and Allied Topics: 
The spin forbidden reaction 
· o(3P) + co(1r-+) ｾＮＮＮＮＮ＠ co
2
(1>+) 
w- . 7 -g 
and its accompanying chemiluminescence have been studied by many workers, 
"Clyne and Thrush [ 74] examined the reaction of 0 atoms, generated by 
dissociation of o2 in an electrodeless discharge, with carbon monoxide 
in a flow tube at pressures in the region of 1 mm Hg. They found that 
glow intensity was proportional to 0 atom and CO concentrations and ｾｄＵ＠
independent of total pressure. They found, however, that the total 
intensity for a given set of conditions varied with the nature of the 
mechanism 
states 
Clyne and Thrush proposed the 
Stabilization and dissociation 
. !JE 
0 + CO + M ｾ＠ C02 + M (lc) 
Vibrational energy transfer between triplet and ｳｩｮｧｬ･ｾ＠ excited 
CO :1E + M .t-- Co2:£ + M 2 ___,. 
Radiation 
;1£ 
C02 ｾ＠ C02 + ｨｾ＠
Collisional electronic quenching 
* C02 + M -··----7 Co2 + M 
(2o) 
(3c) 
(The numbers for the processes are given the letter c to distinguish 
them from the numbering of equations in the N2o/CO reaction). 
Mahon and Solo [80] claim that, at pressures similar to those of 
C and T, the production of co2 was independent of, a.nd light intensity 
dependent on, total pressureo This contradicted the results of C and T. 
They also found tha.t small amounts of molecular oxygen considerably 
quenched the light emission and increased the amounts o£ co2 formed. 
Jonathan and Warneok [ 82] obtained results similar to C and T at 
I •; 
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those of C and T }. The mechanism they propo::.>ed was rno:t':7 complex 
tha.n that of C and T. They felt that a mors ｃｾﾷｬｬｰｬ･ｸ＠ mechanism was 
necessary because C and T' s mechanism, if app:t:i ｾＮＱ＠ to the 10 micron 
l"egion, suggests that the light intensity shotd.&.\ become dependen·t; 
on the pressureo J ana than and W arneok ' s mecha.ni sm is, ｾｾＺｯｷ･ｶ＠ et·; 
essentially similar to that of C and T. They also poini.; 0 u-G tr.a-t 
Mahan and Solo's data can be reinterpreted to show that th-.7 ligh!t: 
emission is. directly proportional to the amount of C02 ｰｲｯ､ｵｯｾｾ･ＡＮ＠ s.nd 
in that case would not be pressure dependent. Using their own meohaL .. 
nism Jonathan and Warneck predict that in the pressure region 1 micron 
to 10 mm Hg the light intensity is independent of pressure, and that it 
should vary inversely a.s the pressure above this. 
For the purposes of this discussion Clyne and ｔｨｲｵｾｨＧｳ＠ mechanism will 
be assumed, namely 
o "t' co + M ｾ＠ co2* (2) 
(3) 
(4) 
The fate of ｣ｯ Ｒ ｾ＠ in the N20/CO system will now be considered. 
co* ··· 
2 
radiative (3) 
non-radiative (4) 
The probability of C02 "£ decomposing by the radiative path (3) is k3 ··. 
and that of the non-radiative path (4) is. k4( M]. The total rate of 
C02 production by both (3) and (4) divided by the rate of co2 production 
by path (3) alone is 
Rate (3 and 4) 
Rate (3) 
i.e. 
::: (k4[ M]+k3)[ C02 :E] 
:1: k 3 [Co2 ] 
= 1 + Ic4(M] ｾ＠
= (k3+k4[ M)..) 
k3 
(A) 
... j 
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The experimentally measured quantity, Ｎ ｨｯｷ･ｶ･ｾＧＬ＠ is no·;: ro.te (3 +. 4.)/ 
rate (3)1 but total rate of co2 production by ｅｾＱｉ＠ pa.ths/ro.:te (3) .. ＨｔＱｶ ｾ＠
actual quantity measured and quoted in Table 2,)+ j_s rate (3)/to ... Ju.J .. Ｚｲﾷ｡ ｾ［ Ｚ［ｯ［＠
i.e. integral glow/rate of co2 production). In the N 0/CO . reaction a 2 : 
portion of the co2 produced arises from a water initiated cho.in ｸﾷ･｡Ｎ｣ｾＺｩＮｯ ［Ｎ ＭＭＮ＠
which does not involve excited C02 • If the ratio of the rate 'Jf' C02 
production via excited C02 (processes 3 and 4) to the toJf.[·J. ro.te of ｃｾＩＬｾ＠
productions (3 o.nd 4 and water initiated chain) is X then 
(Total co2 production). X = Rate (.3 + ｾ Ｎ＠ 4-) 
Rate (3) Rate (3) 
i.e. Total co2 production ::: ·x. (1 + k4-( M]/k3) (B) 
Rate (3) 
Assuming that the percentage of water in the gases remains constant, .'X 
will be a constant independent of pressure and mixture composition. 
Using the experimentally obtained values of Total Co2 production /Rate (3) 
(i.e. the ｲ･ｾｾｰｲｯｯ｡ｬ＠ of Integral glow/co2 production1which is ｩｾ＠ mm Hg. 
loB • - 2 . t ) . B b ampo ｭｾｮ＠ ｵｮｾ＠ s express1on ecomes: 
co2 production = x , (l + k4-[ M]/k3 ) (C) 
Integral glow 
Where x' now takes into account the (unknown) factor to convert 10-8 amp 
-1 
units to mm Hg. min • .A plot of the LoHoS o of equation C against total 
pressure [ M] has an intercept of x ' and a slope of k 4 x 
1 /lr3• The ratio 
of ｫｾｫ Ｓ＠ may therefore be obtained simply dividing the slope by the 
intercept. The vaJ.ue of kL(lc3 so obtained is independent of the con-
tribution of the "wet" reaction (with the proviso that for a. given 
mixture composition the % of "wet" reaction to "dry" reaction is constant), 
and also does not require assumptions to be madeas to the ro.tio of integral 
glow ｵｮｩｴｳｾ＠ t.o nn.IJ.. Hg ... ·mn-1 • 
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Table 2.6 Slopes, Intercepts and Calculated Values 
for k/k3 from Fig. 2.130 
Slope Intercept kz/k3 
1.45 z 0.05 X 10-2 1.10 ± 0.13 12.85 X 10-3 
1.56 z 0.12 X 10 -2 2.15 .± 0.27 7.37 X 10-3 
1.23 .± 0.23 X 10 -2 1.85 ± 0.47 6.64 X 10-3 
+ -2 ＱＮｾ＠ - 0.12 X 10 1. :Z9 .± 0 .. ,22. 1·9 X 10-3 
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Fig. 2 .. 13 demonstrates the applicability of the abovr' analysis 
to the experimental N20/CO systemo 
production/Integral glow against total pressu.re ｾｲ＠ 2:1, 1:1 a:D.(l 1. i ?. 
It wUl be seen that straig[nl:- Iines are indec::·3 
obtained and their slopes and intercepts are gb((-::n in Table 2c6 ... 
The ratio ｫｾｬｾ＠ decreases by about 5o% in passing from ｲ･｡｣ｴｩｭ Ｚ ｾｂ＠ ::Lo 
which N20/CO = 1:2 to reactions in which N20/CO = 2:1. ｾ Ｑ ｨｇ＠ r'3.te 
constant for collisional deactivation of co2 3£ (k4) must the.t' 2f -)re O€• 
dependent on the nature of the third ｢ｯｾＮ＠ Sinoe the largest value 
of ｫｾｫ Ｓ＠ is obtained in CO rich mixtures and the smallest in N2o rich 
mi4tures it is concluded that carbon monoxide is a more efficient third 
The ratio of kl(k3 (which is in mm Hgo units) obtained from the 
least squares plot of all the points in Fig. 2.13 is 7.9 x 10-3 (this 
may be regarded as an "average" value). At a pressure of, say, 100 
mm Hg. the ratio of the ra.te of collisional deactivation to the rate 
of the radiative reaction is 
kfJMJ = 0.79 
The recommended ro.te constants published by Baulch et al [ 75] for 
the overall reactions 
0 + CO + M ---1-. CO + M / 2 non-radiative (4') 
0 + co ＭＭ Ｍ ｾ Ｍ C02 + h 'V radiative (3 t) / 
k' 1.1 x lo-34 cm6 -2 -1 are 4 = molecule sec 
k' -19 3 -1 -1 3 = 3.6 x 10 em molecule sec 
These rate constants are in fair agreement with those obtained by Clyne 
and Thrush and lead to a ratio of non-radiative process to radiative 
process of 
Rate 4' 
Rate 3' 
6 
= 3.1 X 10 
at 100 mm Hg. total pressure. 
There is an obvious discrepancy between the result oqtained :tn 
this work and those of other workers. The value of ｫｾｫ Ｓ＠ obtained 
in this work is independent of the "calibration factor" req1.1.:i reel to 
convert Integral glow units to a reaction rate in mm Hg/min. It is 
also independent of any co2 producing reaction that does not involve 
excited co2 (e.g. the water initiatoa chnin reaction), provided the 
assumption that the fraction of such a reaction remains constant for 
a given mixture of N2o and CO, is correct. The H2o catalyzed reaction 
only contributes app. 3/4 of the total co2 formed. If one assumes 
that the fraction of H2o catalyzed reaction varies with pressure, the 
ratio of kifk3 obtained is unlikely to be changed by more than an order 
of magnitude. It should be pointed out that the overall characteristics 
of the chemiluminescence agree with other workers: 
i.e. i) that the glow intensity varies inversely with pressure 
(postulated by Jonathan and Warneck for 0 + CO reactions at pressures 
above 10 mm Hg. [82]. 
and ii) that the value of k4 depends on the nature of the third 
body present (Clyne and Thrush ( 74] and Jonathan and Warneck). One 
is therefore left with an anomaly; the characteristics of the chemi-
luminescence reaction agree with other workers but the rate constant 
ratio derived differs by a factor of 106• 
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The mechanism of the N20/CO reaction ｵｮ､ｑ［ｾ＠ ＭｴｾＺｶ｡＠ "dryli ｣ｯｮ､Ｎｩｾ ［ ｩｯｮｳ＠
employed in this work must clearly be e. ｰｲｯ｣ｲＷｾｓＧ＠ 1•'\ which a nurnbf: r :C.f 
reactions compete for the oxygen atoms made avf.l ·il ·1ble by -the ｴｨＲｲＭｲｾｭｬ＠
decomposition of N2o. The possible reactions ｜ＺＮｩｶｾｨ＠ their.' :rate c-nns·te.n-t.s 
are .shown in Table 2 .. 6. In order to make the compariso:r;. o1 .. ee:xn.!v .. , Pig, 
2.1_&. shows the various reaction paths open to oxygen ｡ｴｯｭ ｾ Ｎ＠
of the individual paths relative to the rate of' the 0 + CG ·-1--Ms-rmcc::b.o:·.\r'\ 
are shown. A number of assumptions have been made in order t,,., obtain 
the relative rates and these will be referred to as they arisee 
If no "wet" reaction occurred then it would be expected the:t the 
N20/CO reaction would proceed at about the ｾ｡ｲｮ･＠ rate as N20 decornpositio:i.1.·. 
Experimentally it has been found that the N20/CO reaction is about 3 
times as fast as N2o decomposition and it is suggested that this is due 
to water in lO's of p.p.m. quantities initiating an H and OH radical 
propagated ch.1in. 
If it is assumed that the percentage of water in the reaction 
mixture is 0.01% (the minimum limit of detection) then the reaction 
0 + H2o -j- 20H takes place at a relative rate of 4 x 10-3. However 
the production of OH radica+s results in a chain reaction involving CO 
and N20 which has a chain lengtp of about 1000 (obtained by comparing 
with the N20/H2 chain process)o Hence the reaction of 0 atoms with 
water results in the removal of N2o (and CO) about four times as fast 
as reaction 2. 
The participation of the H and OH propagated chain reaction is 
confirmed by the activation energy data. It was shown that the pro-
duction of co2 by the radiative process 
0 +CO (+ M) Ｍ ＭＭ＿Ｍｃｏｾ＠ ->C02 ·t- hv (3) 
had an activation energy about 13 kcal less than that for the overall 
1 .52o 
Table 2.6 Possible Reactions of 0 ｾｴｯｭｳ＠
_R_ea_c_t_i_o_n ______ R_a""'!"te_c_o_n_st._a_n_t _____ •.. Ｌｾ ＭＭ ｾ Ｍ Ｎ ＭＮＭ ＮＭ Ｎ ｾＭﾷ］ｾｾｾＺＺＺ＠ ... .. 
6.3x109 exp( -57. 8/RT) btt t&.xl0-4 '.fitif> 
N-+0'" 2 ! 
ｾ＠ ｾｾ＠
sec 
____ _,.. ___________ ＢＢＢＢＢＢＧＭＭＭＭＭｾＮＺｲＮ ｬｬ＠ ａｎｕＧ ｟ＭＺ ＧＺＮ Ｂ ＦＮ ｴＮ ＢＧ［ＮｊｉｉｉＢＧ ＴＱｲＮＧＺ｜ｾ＠ ..... ｾｲＮＮＺＭＴＢＢｴ ＧｐＧ ｾ Ｍ｢Ｍ ｾ＠ .. -..-. ,., .. ｾ Ｎ＠
2 O+CO+M 5.62xl0-34ex.p( -2.5/RT) 1.54xl0_;.3Lt. ＨＱＵｾ＠ 16] 
cm6 molecule-2 sec-l 
--------------------------="""'--' '"·-"- •.•-..<Lu>'-'-'-""'""'''-·" 
5 0+0+M __,. Wo-33 for N20 as 3rd 
M . 6 -2 -1 02+ 1 body, em molecule sec ___ ..._. _____________________ ｾ｟ＮＮＮ｟ Ｎ ｟ Ｍ Ｌ ＮＬＮ ＮＮＮＬＮ ＢＢＢＢＢＧＢｲＮＭ ...... " 
t(7.6xlo-11exp(-24.1/RT) ) 1.47x10-lG 6a O+N2o 
ｾｎＲＫＰＲ＠
6o O+NO+M 
7 0 __,.Vi all 
6e 0+N02 ｾ ﾷ＠
N0+02 
7. 6x.l0 -ll SXJ?·( -24.1/RT) 
ＴｸｬＰＭ ＳＳ ･ｊｾｾｰＨＫｬＮＹＳＯｒｔＩ＠
6 -2 -1 
em molecule sec 
-1 17 sec at 700°C 
3.2xlo-11exp(-l.06/RT) 
[59, 5] 
[59] 
[59, 79] 
[ 5] 
[59] 
1.85xlO-ll [59] 
The units are those for bimolecular reactions of cm3 molecule-1 
sec-l unless otherwise stated. 
. . ｾ＠ . \ .. ' _ .. ;. . ·. 
' .-- "C• ;·· .. ; I· ; ｟ ﾷＭ ｾ＠ · .. . ｾ＠ .. : .. . :. . ' . ... ' ｾＭ . :, \ 
2 
l 
I 
Reacta.nt 
CO+M ___ __ 
0 O A ·- ｾ Ｍ , -- ·> 
3 co 
8, H20+ chain 
ＭＭＭＭＭﾷＭ Ｍｾ ＭＭ .. ｾ ＭＭＭＭｾ＠asslmdng 0.01% B 0 ｾ＠
and chai-n:length 103) . 
6a,b N2o _,_,_...,_..,.._...;,.....,.. __ _ 
0+ ->- · 
6c NO+M 
- ... ﾷ ＭＭ Ｍ ＭＭｾＭＭＭＭＭｾＭＭＭＭ＾＠(for a maximum 0.5% NO) . 
6cl N02 
7 
5 
for [No2] = ＱＰＭｾｎ Ｒ ｯ｝＠
Wall 
ＭＭＭＭｾ＠by dividing 1st ord.er 
rate constant by pressure 
O+M ＭＭＭＭｾ＠
Product 
-o 2 
. ' ,. ., ·. 
Relative Rate 
J. 
4 
1 
0.5 
0.3 
varies lVi th [ Nd] 
0.5 
varies with [NO] 
0.1 
. Fig: 2 ＮＱＱｾ＠ C o rn p ct r i s o n o f 0 A.t o m React i o n s. · 
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N20/CO reaction. The acti va.tion energy of ｬＧｾｯＭﾷ､｡ｩＮｯｮ＠ 3 is low 
( 2 .. 5 kool [ 75]) whereas the competing reaot.i.of\ 0 + H2o-+20H 
has a relatively high activation energy of 18 \<c€:\:.1 [59]. Therefore_., 
as the temperature is raised the rate of reaction 8 will increase 
faster than that of reaction 3. The difference in activation energie'tl-
of reactions 3 and 8 is about 15 to 16 kcal which is close, allowing 
for the experimental error, to the activation energy difference observed 
between reaction 3 and the overall N20/CO reaction. 
The production of ｯｾｧ･ｮ＠ must involve the appearance of nitric 
oxide in the reaction mixture ｡ｳ Ｍ Ｎｾ＠ result of 0 + N2o ---?r 2NO.. Th.is 
introduces further reactions that can compete for the available ｯｾｧ･ｮ＠
atoms 
viz.. 0 + NO + ｍ ﾷ ｾｎｯ Ｒ＠ + M (6c) 
and 0 + N02 Ｍ ｾｎｏ＠ + 02 (6d) 
or N02 + N20 ﾷｾｎＲ＠ + 0 2 +NO (6e) 
These reaoti-;:>ns regenerate ni trio oxide as OJcy"gen is formed. Their 
rates 1rlll increase as the reaction proceeds whereas the NO producing 
reaction 0 + N2o --7 2NO (6b) will decrease. The further formation 
of NO will be inhibited as the rates of reactions Go and d approach 
that of 6b. The rate of reaction 6c (0 + NO + M) will become equal 
to the 0 + N2o reaction when the concentration of NO is about 2% that 
of N2o.. It is observed that initially the N20/CO reaction is about 
3 times faster than N2o decomposition, but that after about 3Q% 
reaction the difference decreases to twice as fast. 
reaction continues to be 2 times as fast as the N2o decomposition 
until well over 7afo reaction has occurred (Fig. 2.2b). It is possible 
that the change in relative rates represents the point where reactions 
6c and/or 6d and e have reached a semi-equilibrium and compete with 
the other 0 atom reactions. The major reaction that contributes to 
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is reaction 8, the water initiated chain reaetjuV\, It would ｲ･ｱｵｩ Ｚ ｣ｾ＠
about 6% NO to cause the rate of reaction 8 ﾷ ｾﾷｃＺｬ＠ ､ＮｲＭｾＮ｜Ｂ＠ to 2/3 its ini. ti(;.l. 
value. If nitric oxide were present in such ｱｵｾＢｴｩｴｩ･ｳ＠ it would have 
been detected in the mass spectrometric ｡ｮ｡ｬｹｳｩｳｾ＠ Furthermore, ｾ＿ｵ｣ｨ＠
quantities would have been expected to have resulted in ｧｲ･｡ｴ･ｾ＠
quantities of oxygen than the change in reaction vessel pressure indica-
ｴ･､ｾ＠ However, a concentration of only .01% N02 would have ihe same 
effect since the 0 + N02 reaction is very much more efficient t.:.1a:1 
0 + NO + M. As no rate constant is available for the N02 + N2c 
reaction (6e) it is not possible to state definitely which reaci..i.un of 
N02 causes the inhibiting effect, and hence is responsible for the 
observed ox.ygen formation. However, reaction 6e (N2o + N02 ｾ＠
N2 + 02 + NO) is likely to have an appreciable activation energy 
(c.f. the 31 ｫ｣ｵｾ＠ for N02 + CO ｾ＠ co2 + NO [ 83] ). If the rate 
determining ｳｾ･ｰ＠ for 02 produo··tion has an appreciable activation energy 
(say V' 25 koal) then it would be expected that the overall activation 
energy for o2 formation would be higher than that for the N20/CO reaction 
since there are other competitive reactions consuming ｯｾｧ･ｮ＠ atoms. The 
acttvation energy of the ｯｾｧ･ｮ＠ formation is, however, the same as that 
for the overall N2o/CO reaction and it must be concluded that the rate 
determining reaction for o2 formation ha.s a small activation energy. 
The reactions 6a (o + N2o ｾ＠ N2 + o2), 6b (0 + N2o ｾ＠ 2NO) have 
activation energies of the order of 25 kcal, and it is probable that 
N02 + N2o ... ｾＢＩ＠ N2 + o2 ;- NO has a similar aoti vation energy o ｔｨ･ｲ･ｦｯｲｾ･＠
these reactions are not rate determining. On the other hand 6c 
(0 + NO + M ｾ Ｍﾷ＠ N02) and 6d (0 + N02 ｾ＠ NO + o2) have small activation 
energies (-1.93 koal and 1.06 koal respectively) [59, 79] and therefore 
will be rate determining. These arguments rule out reactioi1. 6a as a 
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major source of molecular oxygen, and it has ｯＮｨｾ･･ｴＺ､ｹ＠ ｢･･Ｚｲｾ＠ .Jhown tha (· 
0 atom recombination at reaction vessel ｷ｡ｬｊＮｾ＠ ｾＨ｜［ｑ＠ in the e;as phe.J1-:, 
make a negligible contribution to the o2 prod·vecto .. The possibl-:• 
--1-;.: 
reaction H + 02---7 OH + 0 has a rate constant 6\l 700°C of 1. 63 ｾ［Ｚ＠ 10 .. ｟Ｎｾ＠
Cm3 molecule-l sec-1 and 't t' · t' · 11 N ｯﾷｾｃｏ＠ y· J. s par 1c1pa J.on 1.n ﾷｾｊＮＮｬ Ｎ ･＠ overa 2 'I • reb.cl;to\'=' 
is likely to be small as the competitive reaction 
H + ｎ Ｒ Ｐｾｎ Ｒ＠ +Off 
(k10 at 700°C = 1.87 x l0-
13 cm3 molecule-l 
(10) 
_, \ 
sec --) 
will occur about 100 times faster. The H + o2 reaction may eontr·ibnte 
marginally in the later stages of reaction when the majority of N
2
o 
has reacted and when the majority of oxygen has been formed. 1:1:; is 
probably this reaction that accounts for the small observed pressure 
decrease and the reduction of 02 concentration in the latter stages 
of reaction. 
3£ It has been·. shown that the bulk of Co2 produced by 0 atom reaction 
with CO undergoes ra.diationless deactivation "before 11 the excited Co2 
(3B2) has entered the 1B2 state from which the chemiluminescence is 
observed. 
The following reaction mechanism accounts for the major aspects 
of the N20/CO reaction studied in this thesis: 
N2o ﾷ ﾷｾ Ｍ ｎＲ＠ + 0 (1) 
0 +co * (3 1 ) ｾ＠ C02 B2, B2 (2) 
co* 2 
(lB ) 
2 ---) C02 ＨＱｾＩ＠ + h ,,. (3) 
co:if 
2 (3B2' 1B2) + M ｾ＠ C02 (1£;) + M (4) 
.. - 0 + N2o ｾＲｎｏ＠ (6b) 
0 + NO + M 4 N02 + M (6c) 
0 + No2 ｾｎｏＫ＠ 02 (6d) 
0 + H2o ---:). 20H (8) 
OH +CO ｾ｣ｯ Ｒ＠ + H (9) 
H + N2o Ｍｾ＠ N2 + OH (10) 
H + OH termination ｾ＠ H2o (11) 
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The following reactions are of marginal ｩｭｰｯＧｴｊＮＭｾｎｮＮｬＺＮ･＠
0 --.-)'....:).'· Wall r,7) 
0 + ｎ Ｒ ｯｾｾ＠ N2 + o. (6a) 
H + 0 )OH + 0 
(in ｴｾ･＠ later stages) (12) 
There is no substantial evidence to support a completely dry 
reaction based on a cycle ini tinted by the dissociation of N20 on 
collision with excited co2• 
(: .v) Sumrnar;y 
The N20/CO reaction at 700°C occurs at about three times the:. 
rate of N2o decomposition. It is accompanied by a blue chemilumi-
nascence and the formation of small amounts of ox.ygen. The reaction 
is first order in nitrous oxide and about 0.3 order in carbon monoXide 
and has an activation energy of 59.7 ± 1.5 kcal. It is suggested that 
the increase in rate relative to N20 decomposition is a result of water 
in lO's of p.p.m. quantities initiating H and OH radical propagated 
reaction chains. 
The reaction is explained on the basis of CO, N20 and H2o competing 
for the oxygen atoms made available by the decomposition of ｎ Ｒ ｯｾ＠ The 
ni'tric oxide formed from the reaction of 0 atoms with N20 introduces 
further reactions that compete for the oxygen atoms. These reactions, 
0 + NO + ｍｾ＠ N02 + M and 0 + ｎＰ Ｒ ｾ＠ NO + o2 are rate determining 
for 02 production. 
The chemiluminescence observed is inversely proportional· to 
pressure and arises fr.om radiation from electronically excited co2 
in the 1B2 state (formed in the termolecular process 0 + CO + ｍｾ＠
C02 (3B2, 
1B2) to the 
Ｑ ｾ＠ ground state. The variation of the ratio 
the rate of co2 produced by the radiative process to the total rate of 
Co2 production has been used to calculate the relative rate constants 
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for the processes 
k ｾ｣ｯ Ｒ＠ + h "\} 
C02 (1B2 )" k [ M] 
ｾｃＰ Ｒ Ｋｍ＠
It bas been shown that k4 [ M];k3 £:.Q _1. at the pressures of the 
reaction (in the region of 100 rnm Hg). 
i 
I 
. - -. __ ..:..1 
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l?a.rt rrr 
The Temperature Depandenoe of the Absorption Intensit,y 
0 
of Nitrous Oxide in the Region 2800 to 1900 A 
160. 
INTRODUCTION 
0 
The spectrum of nitrous oxide in the region from 3000 A to ｡ＺｾｷｵＺｩｾ＠
1900 1\. has been studied by a number o.f_ workers [ 39,81,43 to 47] ｴ｢ｵｵｧｾ＠ ... 
not as extensively as its spectrum in the ｶ｡｣ｵｴｾ Ｎ＠ ｵｬｴｲ｡Ｍｶｩｯｬ･ｴｾ＠ ｔｨｳｾ･＠
is general agreement that nitrous orlde exhibits a weak oorrt:lnl;.Ul!l i:n 
r) 
this region which rises to a maximum, variously reported a·t; ＱＸｬｾｏ＠ 1\. [ ＱｾＶ｝＠
0 
and 1820 A [ 47] , just inside tffi vacuum ultra-violet. 
There is a margin of doubt as to the assignation of tho tr.-·a.n$.1\J: ｩＮｯＺＮｾＮＱｩＤ＠
that make up ｴｨｩｾ＠ oo ntinuum. Suggestions have been made tha·t ·i:\': GOD-
sists of two, ｰｯｳｳｩ｢ｾ＠ three, overlapping ｣ｯｮｴｩｮｵ｡ｾ＠ Sponer aud. ｂｯＱｾｮ･ｲ＠
[44] used a 33 metre light path with nitrous oxide at between 1.5 and 5 
atmospheres pressure. They observed the spectrum shown in Fig. 3.1e. 
and considered that it was made up of two weak continua, the weaker 
0 
showing a slight maximum at about 2900 .A with n long lravolongth limi'b · 
0 
up to 306.5 .£. .• Thoy ascribe those 'co:ntinun to trn.nsi tions f'rom . the 1. 
gFound state to tho lowest repulsj)ve triplet states de,soribad by (see. Fig 1:1) 
N2o (31T or ＳｾＩ＠ ｾｎ Ｒ＠ ＨｾｬＢＩ＠ + 0 (3p) (:L) 
Thermo-chemical data suggest that the dissociation energy is 13,750 cm-l 
( ..v 39 kco.l), which means that absorption vro uld be theoretically possible 
up to 7200 A. 
The other continuum observed by Sponer and Bonner, which was claimed 
to have a long wavelength limit at 2820 Z, was ascribed by comparison 
vvi th Dutta' s results [ 81] to a transition from the ground state to 
(2) 
No mention is made by Sponer and Bonner of possible transitions from 
ground state to 
I 
I 
') ｾＮＬＭ ,· 
... ｳｾＬＮＩ＠ ... , 
1' 
ｾＷｬｏａ＠
t:..=-----... ｃｌｬｩｃ｜ＮｾｾｾｾｾＺｴｓＧＢｾｾｾｾＧＭｾｾｾＮＺｳＺｬＷｾｾｾｾｾｾｾＳＭｾｾ ＧｲＭ .... ｾｾ＠ .. ＱｃＡＧａｾｴＺＭｾｾｾｾＬＮａＬＮｾｾ ﾷ ］ｾ＠
］ＭＭｾｾ］ﾷｾＺｾｾ］ＺＺ］ｲ･ｳＮ｟ｯｾＭｊＮ＠
a ). H. -S p o n e r & L . G • 13 o n n e r [ ｬｾ＠ 4 ] . 
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Fxo. 4. Absorption cocfiicicnts of N20 from 1605-2100A. 
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Zelikoff [ 47] et al in attempting to exp1t:.:hl ﾷｴｾｨ･ｩｲ＠ wo!'lc (the 
spectrum they obtained is shown in Fig. 3.11o} oG::."'J.."Blate it with ttae 
results of previous workers suggesting the fol1ow.i.ng ･ｸｰｬ｡ｮｮｴｩｯｮｾ＠
The transition to the lowest excited levels (Eqn" 1) would prodt.-ue:o 
a continuous ｡｢ｳｯｾｰｴｩｯｮ＠ which would. be too weak Ｇ ｾＮｏ＠ be observE:d t't:en 
with the long path length used by Sponer and Bonner because ii; 
involves a forbidden singlet-triplet transition. They a.scri bo the 
continuum to transitions to a repulsive state or states ｷｨｾＮ｣Ｎｵ＠ y.i.eJ.d 
ground state nitrogen and ln oxygen (Eqn. 3). They suggest tk*'·t.-
the second continuum bevneen 2100 and 3300 A could be explained. by 
transitions to n repulsive state which yielded nitric oxide (2n) 
nhd nitrogen ntoms- (4s) (Eqn. 2). They ｳｴ｡ｴ･ｾ＠ usihg Sponer tJ:m.d 
Bonner's thermo-ohemicnl calculations, that the long wavelength 
limit would be nbout 3300 ft. If more modern thermo-chemical data 
are used, especially the vtilue for the dissociation energy of ｲｾｩﾷ｣ｲｯｧｯｮ＠
[48), the disscoiation energy far process (2) corresponds to 2496 !. 
Therefore ｡ｾ＠ transition to (2) could not ｰｯｳｳｩ｢ｾ＠ occur at wave-
0 
lengths longer than 2500 A. 
ｚ･ｬｩｫｯｦｾ＠ et al ascribe the continuum that they observed above · 
0 
2100 A to transitions to a repulsive 1.,. state whioh leads to ground 
4.,. 
state nitrogen and oxygen (ls) viz: 
N2o (11:+) ｾ＠ N2 (1I ｾ＠ ) + o(1s) (4) 
This process has a dissociation energy: o"f 471 600 om-:l which 
corresponds, quite conveniently, to 2100 i. They point out, however, 
that the oscillator strength calculated from the oontinuum is much 
weaker than they would have expected for this type of ＱＮｾ＠ ｾ＠ 1 t,. 
transition. 
- ---- _________________ _;__...:.....____....; 
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Figure 3al shows the results of Sponer c1x18 ＸｯＺＮＱｮｾｾｬＧ＠ and Vl.-;.tanabs 
et al on which the above arguments aro based. "tl; i-> ､ｩｦＧｦｾ｣ｵＮｬ＠ t tc. 
distinguish the two continua claimed by Sponc;;r Ｈｕｾ＠ ｾＧＱｯｮｮ･ｲ＠ f.rotH 
their microphotometer traces. Watanabe et al' S ｾｾｳｳ ﾷ ｬｬｬｬｬｰｴｩｯｮ＠ ｩｾｨＮＺ［ＮＭｴ＠
their con·t;inuum below 21.00 A was due -'c.:;o the tra:n5l:\:i.on desei .. i"hed h;t 
Equation 2 .. 4 is contradicted by later work of' Tho:.npson1 ｈ｡ｾ｜･ＨｴＮｫ＠ ｜Ｎ｜ｾｩ｜＠
0 
Reeves [ 39], who extended Zelikoff 's result to 2400 A wi thm:rt ･［ＮＮｾｹＭ
sign of discontinuity in the ｯｯｮｴｩｮｵｾｾ＠ (see Fig. 3.2). 
(ii) Temperature depend.en..2..e of U!'Vo S_Eectra 
Changes in the intensi.ty of continuous absorption spectra with 
temperature have been recorded for chlorine by Gibson, Rice and 
:Bayliss [ 49] • They found that as the temperature was raised the 
｡｢ｳｯｲｰｴｾｯｮ＠ curve in the region 4100 to 2700 A (with a maximum at 
0 3280 A) ｢ｲｯ｡､･ｮ･｡ｾ＠ the intensity of the maximum decreased but the 
area under the curve remained oons tant. They explained this on 
the basis of transitions from the ground state vibrational levels 
to an excited repulsive upper state. At room temperature the 
majorit.Y of molecules would be in the ground vibrational +evel, but 
at high temperatures higher vibrational levels would become appreciably 
populated leading to peak broadening. The fact that the area under 
the absorption curve remains constant with temperature suggests that 
the transition probabilit.y remains the same no matter now many 
vibrational quanta the molecule possesses. 
Cohen and Reid have observed a temperature dependant transition 
in the a. band of formaldehyde in the near ultra-violet [ 50] • They· 
found that a plot of log absorption coefficient versus reciprocal 
temperature was linear. The slope corresponded to a temperature 
coefficient close to the energy difference between the first out-of-plane 
bending. vibration laval and the ground ｶｩ｢ｲﾷ｡ＺｴＺｴｯｾＢＧ｡ｴ＠ level. o They 
therefore ascribed the band to transitions to ct . . lP,yr.·amida.J! tJ.;;per 
electronic state from ground state molecules ｹｯ Ｚ］ｾ Ｓ ＧＳＧｾ Ｓｩｮｧ＠ ｡Ｎ Ｎ ｾ ｊ＠
out-of-plane vibrational. quantum. 
The transition is forbidden by classical rH·:.l .2otion Ｇ ｩＧ ﾷ ｾ＠ .. 1e5; ｯｷＮ ｩ ｟ｮｾ＠
to the different symmetry of the g:r.·ound and ･ｸｯＺＧｩＮ ｴ ｾｊ､＠ ･ｬ･｣ ﾷ ｣ＺｲＮ ﾷ ｯＭﾥ｜ＺｩＮｾ Ｚ＠ Ｕ ＭＺＭｾ ﾷ ［Ｚ ｩｸＺＮ ＺＺ• Ｚ •＠
Cohen and Reid suggest that the t.tho·t;" transition has a ｨｬＮｾ ｾＮｶ ＿Ｎｾ ﾷ＠ ｦｴｯＺｯｾ＠ i.:t;ion 
probability than tra.nsi tions from ground vibrational states .. 
that the out-of-plane vibration is "closer11 to the symmetry o:r· th·.: 
pyramidol. upper state than the plona.-r vibrations o 
would be less strongly forbidden. 
The change in absorption intensity of nitrous oxide in the region 
0 0 
2100 A to 2600 A has been noted at high temperatures by Jost et al [:t2] 
(1000°K to l800°IC), and by Nicolle and Vodar [ 45] (at 20°C o.nd -90°C)" 
0 
Jost found that at 2300 A a graph of the logarithm of the extinction 
coefficient o.gai.nst reciprocal temperature gave a straight line with a 
s1ope corresponding to 2400 cm-1 • Nicolle and Vodar ｭ･ｲ･ｾ＠ report that 
0 
over the ｷ｡ｶ･ｬ･ｾｧｴｨ＠ range 2150 to 2350 A the ratio of the extinction 
coefficients at 20°C and -90°C was 2;95:1. 
EXPERDlE NT.AL Al'ID RESULTS 
The apparatus described in Section I of this thesis wo.s used 
\rlthout modification. The nitrous oxide was B·oo.c. anaesthetic grade. 
By measuring the signal obto.inod at a number of different 
pressures of nitrous oxide, nnd comparing them with the signal obtained 
when the absorption cell (reaction vessel) was evacuated, the absorption 
coefficient (k) at a particular temperature and wavelength could be. 
obtained using the Beer's Law relationship 
I/I0 = exp ( -kpd) 
where I is the signal intensity obtained at a nitrous oxide pressure of 
('' . ... 
p ( bltf!1.) and I 0 the signal intensity with th'3 o.t-,sorption. cell, 
of path length d om, evaouatedo As was men"l:iiOl'\'30. in the seoti.on 
of this thesis describing light intensity ｭ･｡ｳｶ Ｚ Ｈ ﾷ ｾｭ･ｮｴＬ＠ the zero on 
the recorder could be suppressed. JBy setting -the wavelength control 
on the monochromator to a position ｯｯｲｲ･ｳｰｯｮ､ｩｾ ［＠ with a wavelength 
0 
shorter than the ncu·t-offn due to atmospheric oxygen (s9y '< 1800 J1.), 
the remaining signal due to stro.y light could be 11 ba.cked.· ·off" so that 
the instrument zero approximately :represented zero usable l:tghto 
Ni·trous o:xide was found .to obey Beer's Lo.w o.t ·the ｰｲ･ｳ ｮＭＺＮ Ｚ ｾ ｾｯ Ｎ ｳ＠
0 (1 to ｾＰ＠ cmHg) .D.nd wavelengths (1900 to 2800 A ) studied and ·th<b 
absorption coefficient wo.s obtained in the majority of cases :rr c·m 
linear plots of log I/I0 versus nitrous oxide pressure. At the 
0 
short wavelengths ( < 2200 A) scattered light made up a ｳｵ｢ｳｴ｡ｮｴｩ･ｾ Ｍ
portion of the signal and was not entirely eliminated by the 11 bf1ck 
off" procedure just described. In some instances the Beer's Lo.w 
plots showed ｾｵｲｶ｡ｴｵｲ･＠ at high pressures. In these cases the 
absorption coefficients were obtained by a different method which 
is described· in Appendix 3.1. 
In this investigation a temperature range from 20° to 680°C at 
0 
wavelengths between 1900 and 2800 A was studied and all absorption 
coefficients (k,cm-1) were reduced to SoToPo ;table 3.1 gives the 
absorption coefficients obtained. It must be pointed out that the 
accuracy of the absorption coefficients decrease both with shortening 
wavelength (as available light intensity decreases), and with the 
actual intensity of the absorption encountered. The most reliable 
0 
values lie between 2100 and 2600 A. At 680°C (the highest tenp era-
ture used) nitrous oxide decomposes quite rapidly, but it was possible 
to measure the light intensity and pressure within about 20 seconds of 
admitting a sample of nitrous oxide into the absorption cell, during 
I 
----'--·---·.:.. _____ j 
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Tahle 2.1 Absorption CoefficieJ.Yts of N2c 
ｾｾＧｕＢＢｾＭ＼Ｎｾｾ＠
2000 2100 2200 23\-:!0 2400 2500 2600 2?00 280') 
ＭｾＮＮＬ｟ Ｎ＠ Ｍｾ＠ ... ｾ＠ .... ｾﾷ＠
20 338 128 16.7 1.83 
100 285 142 23 . ,9 3.35· 0.70 
200 338 190 70,.L1- 9.50 2 .. 02 0.44 
300 278 248 112 27.4 6 .. 89 1.53 0.6]. 
400 239 367 198 55.5 ＱＹｾＰ＠ 6.08 1.76 0.61 
500 320 406 227 84.3 35 .. 6 13.2: 4.42 1.73 
Goo 453 546 339 12:5 61.1 25 • .5 9.77 3.12 . 1.54- 0 .. 84 
680 494 315· 199 81.9 40.6 17.1 7.59 3 .. 35 ! .. 04 
ｾｾｾｾＬＮＮｾｾｾＮＮＮ｡ＮＮＮＮＮＬＮＮＬＮＺＮＮＺＺＺＮＺｅｔＮｾｯＮＬＺＺＺＬｾｾｬｄＢ Ｎ ｗＮｾ Ｎｲｾ Ｎ ＭＺＺＭＭ･ＺｲｙｲＮｮＭｾｬＭＮＺｴＮＺ＠ ＭＭＮＺ ｾｾ ｾ Ｎ Ｂｴ［［［ＭＮ ｾ ｾＢＡＡＧｔ Ｇ ＦＮ＠ .. :nt.. .... :. ..:: -- ＢＧＡ ｾＧＪＭｾ＠ .. ＮＮＬＭ ｾ＠..... 
Please note: Units are -1 2 in em x 10 • .All values have been Ｚｴ ＺＭｲＭＺ､•ｾ＠ ... JEdl to 
ｓｯｾｾ＠ oPo 
Table 2.2 Increase in Area of Absorption curve 
Temperature oc Rei'ati ve .Area 
20 1 
100 1.05 
200 1.20 
300 1.42 
400 1.81 
500 2.07 
6oo 2.51 
680 2.79 
Table 2.3 Parameters of' ".P ... ctivation Energy" Plots 
0 
il Slope (E om-1 ) .. ( -1) Intercept (log1o) ·a- om 
2000 5.91 
.±. 53 1.097 
2100 10.55 ±. 46 1.233 
2200 1722 
.± 77 1.358 
2300 2150 ±. 46 1.317 
2lt-OO 2950 ± 300 1.538 
2500 3310 .± 770 1.243 
2600 4100 ± 180 1.557 
167. 
which time onl.y about 2% deoomposi tion had ｯ｣｣ｾＬ｜ﾷ＠ ｾ＾＠ At o.l::t the 
other temperatures no measurable Cl.eoomposi tion oocn!"s and. ｾｩ･･ｲ ﾷ Ｇ＠ s 
Law ｰｾｯｴｳ＠ a.t a given wavelength oa0:Lci be made on ﾷｾ｢･＠ same. ｳｾｾｲｙｱ＾ｩｬ＿＠ \.Jf 
Fig. 3. 2(a) shows the overall picture of the ｴ･ｭｰ･ｲ｡ｴｵｴｾ･ｴ＠
dependence of the nitrous oxide ab5orption. To check ｴｨｾ＠ ﾷｴｫｾ＠
method ana apparatus used in this WQrk was adequate the ＢｎＮＬＮ｜ＰｾＺ｜ﾷｶｴ＠
temperature results were compareti wl:th the absorption cul:'ves-
obtained by Zelikoff [ 4.7] and l'Ia:rteck [ 39]. 
that fair a5reemeni:: is achieved., :dj 111ay be seen that ·there ｾｓ＠ o-
substantial inorettso in aosorp·t;ion intensity at the longe:r· ｷ｡ﾷｶ･ＱＮ･ＮＧＺＩＡｾ［ｾ｣［＠
1 
and that this decreases as the continuum maximum is approached. 
Though it was not possible using a ｮｯｾＭ･ｶ｡｣ｵ｡｢ｬ･＠ optical 
system to looEd;.J the centre of the absorpt:ton band experimentally, 
it was possible to construct absorption curves at the different 
temperatures by plotting the absorption coefficients agains.t wave-
0 
length and extrapolating back to the band centre at 1820 A [ 47] , 
0 
assuming, as an approximation, that the intensity at 1820 A remains 
constant with temperature. As may be seen from table 3.2 the area 
under the 1ong wavelength half of the curve approximately doubles 
for a 500°C rise in temperature. 
The absorption coefficient at any given wavelength rises 
exponentially with temperature. Figo 3.3 shows the logarithm of 
the absorption coefficient plotted against reciprocal temperature. 
The results of Jost et nl [ 12] obtllined in a shook tube at much 
higher temperatures are also shown. 1 There is good correlation 
with Jest's results and the plots are linear over a very large 
temperature range. The absorption coefficient at any wavelength 
oa.n be thought of as being associa.ted with an "activation energy" 
ｾ＠
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E cm-1 molecule -l ·such that 
k = A exp (- E /RT) 
from room temperature up to ＱＸＰＰﾰｋｾ＠ The least squares slope3 o* 
these lines together with their standard deviation ( £r ) and. ＱＮＺｮｴｾｲＭ
cept are shown in table 3.3. It oa.n be seen that the o.c-ti:vaLion 
energy increases with wavelength. 
A plot of the us.ctiva.tion ene:cgytt aga:i!nst absorption Ｚｦｾｯｱｵ･ｾＱｯｹ＠
yields n straight line, the slope of which (0.30 ± .02) is ｾ＠
dimensionlass constant (Fig. 3.4). 
DISCUSSION 
(i) Temperature dependence 
There are two striking features about the effect of temperature 
on the U.V9 absorption of nitrous oxide: the very large increase in 
absorption intensity with temperature, and the linearity of the 
"activation energy'J plots (Fig. 3.3) over such a large t .empera.ture 
range. 
An analogy with the wox:k of' Gibson, Rice and Bayliss, and of 
Cohen and Reid, suggests that the change in the N20 spectrum is due, 
to "·hot'·' transitions from excited vibrational levels of' the grotmd 
state. 
Nitrous oxide has three vibrational modes, en anti-symmetric 
stretch ( \) 3 = 2224 om-1), a symmetric stretch ( \) l = 1285 om-1) and 
a doubly degenerate bending vibration Ｈｾ＠ 2 = 589 cm-1 ) [51]. Three 
considerations suggest that it is the bending vibration that is 
involved: 
(i) The smooth change of activation energy with ｾｲ･ｱｵ･ｮ｣ｹ＠
suggests closely spaced energy levels. 
r 
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(ii) The increase in the o;.cea unde:;: '(;,hQ ｡｢ｳｯｲｰＧ｢ｾｬｯｮ＠ curve 
with temperature is too large to be due to er:t:().-<::'9 in er:bl"-='.polat:Lon 
and indicates that the transi ti ｯｾＺ｜＠ nn.::nent incre&r:>o s with 'Vi ｢Ｎｦ ﾷ ｯＮｬｴｯｾＬ｜ｾＮＱ＠
amplitude in the ground state. This could occur in a ｾ Ｇ ｴｴｗｊ･ｨＺＭｩﾷ＠
forbidden transition of a linear molecule which is d.i. s·l:icn:>·t;Ml "hy 
stretching or bending. If the upper state is bent in ｡Ｌ Ｎ Ｚ ［｣ｯｲｴＱＨ｜ｬＮｮ｣ｾ＠
with Walsh's result [52], transi ｴｪＮｾＮＺＮＺﾷ ｾ Ｎｴｳ＠ to it from borrt ｭｵＱｾＨﾷＮｴＨｩＮＮ･Ｎ｣Ｎ＠ i"Vl 
the grou,lcl electronic state wouJ.-3 ba .f'avoured both by the ﾷ ｦｴＧｾｲＮｯｮｯｾＺＺＺ＠ ..... 
I>··· 
Condon principle and by the des·!;rw:!tion of the ｃ Ｎ ｾｶ＠ ｳｹｭｭ･ ﾷ ｴｶＮｾｊ＠ of: 
the ｬｩｮ･｡Ｎｾ＠ ... ground stateo (The na.t•.1 .. :('e of the transi tim:.\ ｬｮ Ｇ ｴｦｯｊｶ･Ｎｾ＠
and of the excited s·tc..te is discussed in greater detail i:n thfl ｮＮﾢｾｴ＠
section). By analogy with formaldehyde, transitions from bendinr, 
vibrational state0 provide the most obvious way of accounting ｦｯｾ＠
the increase in transition probability ·'ii6.th. temperature. 
Carbonyl sulphide at roou: ·cempera.ture shows o. 
0 
continuum in ｬ｢ｾ＠ region 2100 to 2600 A which appears strictly 
0 
analn.gous to ﾷ ｴＮｨｾ＠ continuum of C02 in the region 1700 to· 1400 13. [ 54) 
and to the N2o continuum considered here. Ferro and Reuben [ 53] 
studied the temperature dependence of the whole COS continuum. 
Similar results to nitrous oxide were obtained (i.e. linear 
"activation energy" plots and o.n increase in the area of' the 
continuum) o It was found that only the continuum to the long· 
wavelength side of the maximum is temperature dependent. It 
suggests that it is the bending vibration that is involved in the 
"hotu transition. 
This may be explained crudely with the help of Fig. 3.5 whioh 
shows a typical potential energy diagram for a bending vibration 
of a triatomic molooule with a linear ground state nnd a ｢･ｮｾ＠
excited electronic state. If, as a sinplification, only vertical 
Franok-Condon transitions from classical turning points are 
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considered it may easily be seen that the trans:Ltion With the · 
greatest energy (i.e. shortest wavelength) will be tha.t ·from the 
ground vibrational state (a). ｩｾｳ＠ -'G}le tempere.tu:;."e is raiseO..if h.'Lghel"' 
vibration states become populated and the intensity of lowe1.• enerf;;J 
transitions (b) increases. 
The similarity of the absorption spectra and of the ﾷｦＺｯｾ Ｎ ｾＭｾ｣Ｚ｣ＺＺＮｴﾷ［ｬｲ･＠
effects of the COS and N20 ｣ｯｮｴｩｮｵｴｾｾＬＺｴ＠ suggest that the same:: 11 ho-tti 
transition is involved in both ｣｡ｾＰ＠ s a.nd provides further ｯＺＺＺ［［ＺｾＮｴＬＩｾ［ｊＮｾＬｾｾ＠
that it is the bending vibrations thf.l.·t. are involved in nitr::ru.s c::d:1ec 
To simplify the theoretical treatment of results and to enoJ)J.e a. 
clear picture of what is occurring to be furawn 1 it is assumed tho.t o.nly 
the classical 11verticaln transition is allowed. Tbe bending vil)rD:'ci.vn 
of nitrous oxide is doubly degenerate and ｾｨ･＠ degeneracy of the v th 
leveJL is V' i·l., Iit is a reasonable assump·bion that the · absorption 
at any partiou::..a:- wavelength is ,proportional to the number of molecules 
(Nv ) possessing v quanta in the bending vibrations. Normally if one 
ignores unharmonicity effects; the proportion of such molecules would 
be written as 
N /N = [1- exp (- '/kT)] 2 (v + 1) exp (- vE/k:T) (5) v: 
where N is the total number of molecules and ｾ＠ ｾ＠ the spacing of 
vibrational levels. This partition function has the required 
exponential temperature dependence but plots of the logarithm of 
Nv/N against reciprocal temperature show substantial curvature at 
higher temperattll:"es due to depletion of the population of the ground 
vibrational level., (Fig. 3. 6). The expression [ 1 - exp (- ｾＯｫｔＩ｝＠
represonting the ground vibrational level population is aJ. wey- s less 
than unity and is a squared term in the partition function expression. 
This partition function gives the number of molecules that possess 
vibrational quanta spread between the degenerate vibrational modes. 
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(e.g. if v = 3 then one ｲｯｾ＠ have 2 qnanta. in o:l'le mode and 1 in 
the other, or 3 end 0, and vice ｶ･ｾＸｾ＠ nt any given moment of time). 
In this case, however, one i ;.: •,;oncerned with the number of 
quanta possessed separately by a molecule in one 2t other of the 
vibrational modes, since it is the number of quanta possessed·by 
a molecule in .2n2. of' the vi bra.tionaJ. modes that determines whether 
or not i·(; would undergo a transi t:tr;;, if perturbed by light of a 
certain wavelength. The ｰｲｯｰｯｲＫ［ｾＮｲｙｴ＠ vf molecules possessing v 
quanta in one or othei' of the vib:r.n+.5.onaJ. modes is 
(6) 
In this pa:r.·i:;ition fmY.:tion depletion in tte population of the ground 
vibrational level ｷＺｴＱｾ ｾ＠ not modify the exp'!."'ession ( 6) to as great 
an extent as in expreGsion (5). Graphs of log Nv /N against 1/T 
in this case remain linear over a wider tE;-:.mperature range (Fig. 3c 7) 
ond permit th0 results in Fig. 3.3 to be attributed to transitions 
from excited ＱＭＬｾＬｾｾＺＮｴ＠ vibrational levels of N20. 
The argu.1:snts above and the results of the temperature variation 
experiments justify the assumption that by far the largest part of 
the absorption at uny particular wavelength arises from a certain 
bending vibration level of the ground state. 
(ii) Nature of Uwer Excited . State 
In the following discussion the bent states of N20 are treated 
as if they had C2v rather than Ca symmetry. This is done in order 
to make easier the comparison with bent states of C02 and N02 • 
It has been suggested by Walsh [ 52] that the ｡Ｎ｢ｳｯｾｰｴｩｯｮ＠ of 
N20 from 1800 Z upwards is due to transitions to three upper states 
which correspond to 1:sz, 1A2 (correlating with 1 Du in the linear 
molecule), and 1A2 (correlating with 1 !" ｾ＠ ) states of carbon 
dioxide. The first two of these states would be expected to be 
strongly bent and the third slightly bent or linear. These states 
__ __j 
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would give N2 (ll:) and 0 (lD) on dissociation. Walsh considers 
that the continuous nature of tho r;L)::;orptions of' N20 (and C02) is 
explained by the fact that at the ﾷ ｱｾｶ･ｬ･ｮｧｴｨｳ＠ of maximum absorption 
intensity the energy absorbed is sufficient to cause dissociation. 
He suggests that the upper states may be stable in the equilibrium 
form and that at sufficiently high ·bemperatures, where transitions 
from high vibrational levels of ｴｨ Ｚ Ｍｾ＠ ground state are possible at 
sufficien·bly long wavelengths, a ba:o.cled spectrum would be observed. 
That the ｾｰｰ･ｲ＠ state may exist i:n an ｣ｾｱｵｩｬｩ｢ｲｩｵｭ＠ form has been 
confirmed !'or C02 by .C'ixon ( v. inf1·o.) \: 57] who assigned bands 
observed in ｾｨ･＠ light ,:;mission from oxy-gen/carbon monoxide flames 
to tra.nsi tions from cMJ. excited 1B2 sta·cc of carbon dioxide. 
The data. in ijhis work suggest that -::;he whole absorption band 
0 
from 1900 to 2800 A is due to a single temperature dependent 
trnnsi tion, o .. G.l-tol:wlse it is necessary to postulate several tra.nsi tions 
with identica:i. temperature dependences. (Two overlapping processes 
with "activation energies" of, sa.y 300 and 1700 cm-l molecule -l, 
would not lead to an apparent activntion energy of 1000 om-1 
molecule -1 but to an Epparent activation energy of 300 at low 
temperatures, and 1700 at high temperatures with a brief transitional 
period). The various possible excited states of nitrous oxide which 
could be involved in this trmsi tion ar€ shown in Table 3.4 which is 
an extension of an ear1..ier table given by Sponer and Bonner [ 44) ｾ＠
The oonfigura.ti. ons given in the last oo lunms: are deduced f:ro m the 
Walsh diagram for triatomic ABz type molecules (the diagram for 
N20 will be similar). 
The molecular orbitals making up AB2 are shown in Fig. 3.8. 
To make the figure simpler only the atomic orbitals mac ing up the 
molecular orbitals in the linear molecule are shown. The molecular 
178. 
Table ＬＮＴ ｾ＠ Possible Low-lfti:o.g States ·Jf Nitrous Oxide 
Linear Bent molecule Dissociatifln Dissociation Confiey--
molecule electronic energy (ern -:t.) products urati.,"' 
electronic state. (The and equi vale£, t (from 
sta.te corresponding wavelength (A) Walsh 
c2v symbols are ､ｩ｡ｧｲｵｾ＠
given in 
bracws. 2 
1 1 + lAn (lA:t_) 29,600 ｎ Ｒ ＨｾＩＫＰＨ Ｑ ｄＩ＠ground r (3368) linear s·.tate 
.,. .... _ . .......... ｟ＮＮＮ Ｎ ｾ＠
2o. ｾｽ＠ Dz ':Z (3A2.) ,..) lrl." 13,750 N2 (li;)+O( 3p) bent ｾ｢＠ 3A' (3B ) (7249) bent 2 32- '7 ＨＳＱｾＲＩ＠ almos+ 3 ＮＮｾ Ｎ ａｬｬ＠ linear-
3L+ ';I (3B ) 4- .... A, almost 2 ... linear 
5a ｾ＠ 1 I Au (lA ) .29,600 
N2 (
1I;)+0(1D) 
bent 
5b ｾ＠ 2 (3368) 1A' e·R) bent 
.11-- lA" 2 almost 6 (lA ) 2 linear 
7 ＱｾＫＮ＠ 1A' (lB ) almos·t 2 linear 
8a ｾ＠ 3)7i 3A" (3A ) 13,750 2 (724-9) ｎ Ｒ Ｈｾ［ＩＫＰＨ Ｓ ｐＩ＠ linear 8b 3.A' (3Bz) 
9o. ｾ＠ l -· l.A." 1 . 29,600 ( A2) N2(lt;)+O(lD) 9b .,. lA' (1B.2) (3368) linear 
lOn ｾ＠ 3 3lit ＨＳＱＧｾＩ＠71 41,000 N0(211")+N(4s) 19b 3An (3:s. ) (2496) line or 
1 
ll. 1 ........ -+ lA' ＨＱｾＩ＠ 4.7,600 N (11:+)+o(1S) * ｾ＠ (2101) linear 2 g 
ｾ＠ Various other assignations for 11 are possible and these could be bent or lineo.r. 
ＭＭＭ ＭＭ ｾ Ｍ -- - - - - - -- -- _ ___. 
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orbitals f.or. a bent molecule are correllated ｷｩ ﾷｾ ［ Ａ Ｑ＠ the linear MO' s 
they ·would.-tend to form as the ｭｯｬＨｊ＾Ｎｾｾｮｬ･＠ was str·e.ightened. The 
orbitals are arranged in approximdiely increasing energy. A full 
discussion on how these orbitals are built up and on their bonding 
characteristics appears in Walsh's paper. Fig. 3.9 shows how the 
energy of too indi vid.ual MO 's would vary with bond ong1e a.nd is 
reproduced from Walsh's paper. 
The highest ttactiva.tion ene:r>fJYti observed in this work was 
4200 cffi-1 molecule Ｍｬｾ＠ For the ｎｾｯ＠ bnnding mode the force constant 
k _8 = 0.69 JC lo-11 d.)Mos. em. ｲ｡､ｩｵＮｮｾ＠ [55]. This tta.otivation energyn 
oornespond.s to tho mo:t.Qlule having a bond angle of 152° at the maximum 
amplitude of ｶｩ｢ｲ｡ｴｩｯｾｾ＠ Fig. 3.4 shows no sign of reaching a maximum 
at long wavelengths this must be considered a ｭｾｸｩｭｵｭ＠ value for the bond 
angle of the excited state. Table 3.4 shows that the only states of 
NzO which woul il be expected to be bent to this extent are 2a antl. 2b 1 
Sa and 5b, a.nc. possibly 11. 
State 11 is prevented on energy grounds from being responsible 
0 
for any of tile oo ntinuum above 2100 A. Walsh suggests levels 2a and 
2b would be lower in energy than 3 and 4, and similarly 5a and .5b would 
be lower than 6 and 7. Transitions from the ground state to any of the 
bent triplet states would be forbidden by the change in multiplicity 
and would therefore be very weak. Transitions to these states are 
0 
theoretically possible up to 7249 A, but no absorption has been 
0 
observed above 3065 A which is below the dissociation limit for 
states Sa, 5b1 6 and 7. (Very werut absorption up to wavelengths 
0 ... 
;>3SOO A has been observed by Troe in shook heated nitrous oxide 
at high pressures, but no aooo unt has been published [ 62]. This 
is above the wavelength limit for transitions from molecules in the 
ground vibrational level to states Sa, 5b1 6 and 7, but in this case 
I 
I 
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the N20 molecules would be ｨｩｧｨｬｾｴ＠ ll·l ｌｲ｡ｴｩｯｮ｡ｄＮｾｾ ＭＭ '3Xci ted). By 
analogy with C02, transitions tc .5o.. e.nd 6 ｷｯｵｬｾ＠ be expected to be 
very weak, to Sb would be weaJ.t a.1:d Ｍｾ［ｯ＠ 7 would b8 fairly strong. 
However, these considerations would be weakened since here one is 
considering transitions from N20 molecules which are in excited 
bend:t:1g vibration levels. Only \':.hg tro.nsi tion to a 1B2 state is 
selection rule.:.r At any rate only the states 
ｯｯｲｲ･ｬ＾ｊＮｴｩｾＮﾷＱｧ＠ with 1 f2, are likelJ ·\-0 ｲｵｾｶ･＠ an o.pex angle less than 
The most l:i.b·;J..y upper ･ｬ｣ｫｩＢｹＢＺｾｩｯ＠ state is therefore 5b, 
the lB-2 ｳﾷｾＭ［ｑＡ｣･＠ oorr81.lJ.:tlng with J. Jl l:o ·the linear molecule and 
dissociating to give:, N}' ＨｾｌＫｧ＠ ) and o(ln) o 
, ...... 
The potentia]. c:..1nr::rgy curve for the ground state bending 
vibration of N20 is shown as curve I in Fig. 3.10. 
.An approxi-
mat:i. on to pa--r-k' ｯｾ＠ the potential energy curve of the upper stat& 
may be made 'by b:1king any given vibrational state and. finding from 
Fig. 3.4 the ＨＺ［ ﾷ ｾＰｴｾｧｹ＠ of radiation which has an activation energy 
corresponding to this vibration. One can then construct, from 
the classical turning point on curve I, a line corresponding in 
length to this energy. This gives ourve II in Fig. 3.10. 
The feasibility of this upper potential energy curve may be 
tested by comparing it with the ground 2A1 state of N02. Nitrogen 
dioxide has 17 valency electrons and an electronic structure 
.... 
The structure of the excited 1B2 state of nitrous oxide only differs 
from the N02 ground state in that it has only one electron in the 
penultimate b2 orbital. Nitrogen dioxide has a bond angle of 134° 
and a bending force constant of 1.52 :x: lo-11 dynes. em. radian -1 [55]. 
The energy required to straighten it has been shown by Ritchie and 
Walsh to be ca. 10,000 om -l [56]. Curve III on Fig. 3.10 is a 
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semiqua.nti ta:bive a.ssGssment o:f' th13 (a'.:otent:ia.l ene.rgy ourve of ＲＱｾＲ＠
N02• It has been located for ｯｯｾｰｾｔｩｳｯｮ＠ purposes so that minimum 
energy (at a bond angle of 134°) ｾｬＭＱＴ＿Ｇ＠ 10,000 cm··l bellow the maximum 
energy suggested for the 1B2 N20. 
The 4b2 orbital of N02 is made up of p orbitaJ..s on the end 
atoms perpendicular to the axis of ·the molecule and overlapping out 
of phase .. It is anti-bonding b&·b\1·tHW\ the end atoms and has zero 
｡ｭｰｬｩﾷｻｴｌｴｩＮＮｾ＠ at the central atom ＨＴｾｓ ﾷ ･＠ ｾＭｖ＠ in Fig. 3.8). RemovaJl 
of ono t?lectron, as i.n 1]32 N20,9 Wl1vtC\. lessen the degree of' anti-
bonding .. The molec:u.\e would be ｾｳｰｾｴ･､＠ to have a bond. angle 
smaller tha.o. 134 ° sittc\! the outer ele-atron is in the orbital 
described as a1 SA :if\ the Walsh diagram (case v Fig. 3. 8) mioh 
strongly favours tke ｾｯｮｴ＠ state. It is clear there:rore that lB2 
N20 would require more energy to straighten than N02• The exci tec1. 
N20 curve is ｾｲＺｐｾＢｾｮｴｬｹ＠ steeper than the N02 curve suggesting ｾ＠
larger force ee"stant, but the experimental datu do not extend to 
small enough ｾｗｬｪＭｬＮ･ｳ＠ to permit a quantitative assessment of it. 
Dixon•s work on the ｾｂＲ＠ state of C02 (directly analagous to 
the ＱｾＲ＠ state ｯｾ＠ N20 being considered above) strengthens these 
considerations [57]. He has shown that lB2 C02 has a. bond angle 
of 122 i 2° and requires about 22,000 cm-1 to straighten it. 
Nitrogen dioxide and carbon dioxide both belong to the C2v 
symmetry group. As nitrous oxide has only C8 symmetry it is 
to be expeoted that the anti-bonding nature of the penultimate b2 
orbital would be less than that in C02, ani therefore a bond mgl.e 
greater than that of C02 would be expected. It is difficult to 
assess the energy required to straighten 1B2 N20. However, Walsh 
[52] suggests that the unfilled 'iru state in N20 (see Walsh diagram) 
is closer than in C02 to the filled 1r g levels. This is because 
the absorption involves a transition from an orbital largely 
185. 
localised on the encl atoms to one J O\,ealised on the central atom, 
and the orbital on the end atom;:; ｷｯｵ ｊｾ ｴｬ＠ be less tightly bound in 
NNO than OCO since the ･ｬ･ｯｴｲｯｮＶｧｾｴＱｶｩｴｹ＠ of N is less than in OQ 
.LUso the orbital localised on the central atom will be more 
tightly bound in N20 ·i.;han in C02 sine e the eleotronegativi ty of 
N is g·roeater than that of C • 
.rt 'is suggested therefore t.ht\t ·t!1e bond angle of' 1B2 (or in 
c8 sy.L!!.11e·cry 
1A' ) nitrous ox:i.&· 1.:[0t:; between 122° and 134°, Md 
tha·c tlle?J energy ｲ･ｱＭＺＮｾｌｾｴｳ､＠ to ｳｴｲｾＮｩ･ Ｎ ｨｴＮ･•Ｇ＠ it is between 22_, 000 and 
10,000 om- _iL., 
j 
! 
I 
I 
_ _j 
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t?>ar"ti IV 
Ion-Molecule Reactions in N2o/H2 Mixtures 
:ntfJWDUCTION 
(i) Ion-molecule reactions: 
The knowledge that secondar,y processes involving reactions between 
primary ions and unionized gas molecules take place in a mass spectro-
meter is as old as the art of mass spectroscopy. The first ion-molecule 
reaction was observed by JoJo Thompson [65) when he suggested that a line 
observed at mas.s 3 was due to the formation of the ｾ＠ ion. It was later 
ｳｵｧｧ･ｳ ﾷｾ ｩ･､＠ [ 66] the n:·.·::>st probable mode of formation of this ionic allotrope 
of hydroge!.l is by ｴ ｨｾＮ＠ reaction 
:or :+ If2 + H2 - -· · 4 Hj + H 
In the early development of mass speo·t.rometry the main interest was in the 
study of primary iol!i<6a.tion processes and its concomitant induced d.tr-Jao-
ciations, and thus efforts were bent towards avoiding conditions thnt would 
lead to the occurrence of secondar,y processes. It was not until the early 
1950's that· investigations were started on the various reactions that can 
and do ta.Ite place in a mass spectrometer ion source, in which knoTI"ledge 
of the nature or the reactions was the primary, rather than an incidantnl, 
object of the study. This first generation of work _notably in the lab-
oratories of Talrose [ 67]; Field, Franklin and Lampe [ 68]; Stevenson [ 69] 
ｾｵｬｭｩｮ｡ｴ･､＠ in a series of review articles. A more recent review appears 
in the .Annual Reports of the Chemical Society [ 70] and a more detailed 
account of the current state of the art appears in a collection of papers 
in the J.dvances in Chemistcy Series [ 71]. 
(ii) Experimental Techniques: 
A large amount of work has been carried out using conventional 
mass spectrometers employipg gas pressures in the ion source of at 
least a factor of 10 higher than is normally used for conventional 
.J 
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analysis (i.e. · ｾｬｯＭ Ｕ＠ torr). 'fbi. s has been aided by the a valle.··· 
bili ty of commercial ｩｮｳｴｲｵｭ･ｮｴｾ＠ \\ih.tch employ different:i.nl ｰｵｭｰｾ ＮＱ Ａｧ＠
between the source and analyser se.ct.t'Lons of the mass spectromete:r:·" 
Traditionally the method employed is to measure the variation of 
phenomenological reaction cross s-:;otion, Q, with the repeller field 
(vo ir:fra). The technique ｳｵｦｦ･ｲＮｾ＠ from many limitationG, e.g. 
a.) ﾷ［Ｎｾｮｲｩ｡ｴｩｯｮ＠ of the elect:rf'oN ｣ｺｲ［［ｲｾ［ＮＭＭｧｹ＠ allows only limi ｴｾ､＠ control 
over tht?; s0lection of the ｰｲｩｭｯＮｊＢﾷｾﾷ＠ ic:r.(i\(, 
Ｍ ｾＩ＠ ;.·ontrol of the transla:t:t.onul. energy of the primary ion (by 
varyinc; Ｍｴｨｾ＠ repeller .tield) is ｩｮ､ｴｲﾷ･｣ｾ＠ since reactive events occur 
ｴｨｲｯｵｧｨｯｵﾷｾ＠ an energy· -;; ·ange (fixed b;y \':ihe repeller field and the ion·-
pa.th length) and ·l::ht. ,1ross-sections obtained relate to an average of 
these translationaJ. ｾ＠ .. Gergies" whereas the ultimate desire is the var:i.e.··· 
tion of the .mic:r.os/QQ1?ic ｣ｲｯｳｳＭｳ･｣ｴｩｯｮｾ＠ {v) with ion velocity v. 
c) Info:cl)l(.!,ti-t>:\'\ about the behaviour of thermal. energy ions ｩｾ＠
difficult to o'\, .. t.ai.n since at very low repeller fields significant 
distortion oi' ｴｾｬ｜＿＠ repeller field may be ·caused by pene tra.tion of the 
ion accelerating 'POtential (of th ;z dcz :e kil. . ll ) into the region 
where the ion-molecule reactions occur. 
ｎ･ｶ･ｲｴｨ･ｬ･ｳｳｾ＠ the technique has led to a successful theory for 
the prediction of cross-sections of ion-molecule reactions involving 
simple species (v. infra). It is this technique that is used in the 
present investigation. 
In order to observe the reactions of ions at near thermal energies 
pulsed source techniques have been developed. Basically, in this 
technique a pulse of electrons (!e 0.5 ｾｳＩ＠ is fired into the iopization 
chamber with the repeller switched off. A pulse is then applied to the 
repeller plate after a variable time delay (of the order of ｾｳ･｣ＩＬ＠ and 
... 
the resulting ions entering the analyser section of the mass spectra-
meter are collected. In this way the rate cQnstants ｦｾｌｾ＠ ions ｾ｜［＠
thermal energies are obtained. The method ｡ＺＭｾｳｯ＠ suffe:rS' :from th'C? 
e:ffect of penetration of the ion a.ooelerating field intG the ionizH.tion 
region and u number of instrumental techniques have b(!'8\:.:.. cleveloped to 
overcome this. DesCi"iptions of different types Of pUlSed ｂｏｕＮＺｬＺｾｯ･＠ mo.y 
be foun it in articles by Harrism.1 ｯｾ＠ eJ.. [ 71] and ｈ･ｮ｣ｬｾｦｴＱｬｬＡＮｶＮ｜Ｎ＠ Qt" oJ. [ 88] I) 
In o ｾ｣ｴｂｲ＠ to be able to ｳｾｬｯＨｴﾷｦ［＠ . ｴＺｾｾ＠ ｾ､･ｮ＠ ti ty and ･ｮｅｮﾷｾｲ＠ of the 
primary io» tandem mass ｳｰ･｣ｴｲｯｾｱｴ･ｲｳ＠ b&ve been builta They ｣ｯｮｳｩｳｴｾ＠
as their ｾｾｭｾ＠ suggests, of two. !il(\.SS spectrometers coupled. ·cogetlier .. 
One mass ＬｓＨ＿•･｣ｴｲｯｭ･ｴｾｲ＠ shoots a boF.J.\il · of selectee lons ｜ｉｔｾ Ｚ ｴＺｨ＠ aontrolled 
energy ｩｲＢＫｾ＠ a. collis:i.on chamber of reactant gas and in v./\1-ic.h ｡ｮｯｴｨ･ｳｾ＠
mass spect'X""ometer extracts and analyses the product ions.., 
the ､Ｎｲ｡ｷ｢｡｣ｬｾ＠ of ｢ｴＺｩＮ ﾷ ｾ｜ＭＹＮ＠ very costly tc make. Lindholm gives the deti..\il-s 
of their ｣ｯｵＮｳｴＺｲＮｵｾｴＺ｜ｴｳ Ｚ ｮ＠ .rJ.nd supplies ｾｮｵｭ｢･ｲ＠ of references to diffe:revt\7 
machines [ 71] • 
A problem in obtaining ･Ｎ｢ｳｯｬｵｴｾ＠ rate constants for ｩｯｮｾｾｴＮ･ＮＮＺＺＧｦﾷＮｬ･＠
reactions in mass spectrometers is the measurement of pressure ｦｾＭｴ＠ Ｌ ｾＡＱ･＠
ion source. An indirect method commonly employed is to measvsc ｾｾ･＠
total ion current obtained for a particular gas at a fixed ignizine 
electron energy by collecting aJ.l the ions formed at a nega.ti vely h:i.used 
repeller. From a lcnowledge of the path length traversed by the ｾｬ･｣ｴｲｯｮｳ＠
ana. the ionization cross-section of the gas the number of molecu..J.es per 
c.c. may be calculated (v. infra). This method is used in the present 
work. Recently various workers have measured the pressure in ｴｾ･＠
source directly vtith a McLeod gauge. 
(iii) Theories of Ion-M2fecule Reactions: 
The basic measurement with a mass spectrometer is the current 
produced by an ion of particular mass/charge ratio at the collector. 
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It is not possible to measure ､ｩｾ Ｓ ｣ｴｊ ＮＺ ｲ＠ the toi.;al ｣ｵｲｲ･ｮｴｾ＠ due t ... l <:1. 
particular ion and it is usual to express the extent of 3in ion ..,-. 
molecule reaction as the ratio of' ·chG intensity of the ｳｩｧｮ｡ｬｾ＠
obtained at the collector, for the secondary ion to ｴｨ ｳ ｾ ［＠ of ｾ｢･＠
primary ion. Where the masses of the secondary ion and. pr.i:Qv.n·:l ion 
are sim:D.ar (as is the case with ionfi,ydrogen or hydro6et7.\ :ton.J\noleoule 
reactions) j_t is assumed that thf; ｯｯｬＮＱﾷ Ｎ ｴｾ｣ｽｴｩｯｮ＠ efficiency [.at·>aut 0.3% 
of tote...::. l..ons in the instrument ｵ Ｎ ｾｩ＿［､＠ Ｚ ｌＮｾ＠ +;his work) for th0. t-vm ions 
is the sam e., ｔｨ･ｲＰ Ｚ ｾｯｲ･＠ the ｲ｡ｴＮｾ ＮＺｊ＠ of signal obtained :('o:t.- tho ｳ･｣ｯｮ､Ｎｾ ﾷ＠
a.ry ion ｴｾ Ｉ＠ ｾｨ｡ｴ＠ for ·the primary ion is equal to tl'le ra·tio of the 
number of ＺＺＮ ｾ ｴ［Ｍｾｯｮ､｡ｲｹ＠ ions to primary ions. 
Fig. J-!-·•-1 shows a. aohematic diag:r.am of the mass spec-l;rornet8:.:· ｾｯﾷｵﾷｬＢｾ･＠
used in this work. t:. t eotrons produced by the filament are accelera·te,l{ 
(plate 4) an':.1 en-t.&..Y. 'tb.st ion source ·:··here they are collimated by a w.eo.Jl 
magnetic fiel.do 
.P•i>:!.rnary ions are f:;rmed in the ion source in th'<! !:nore 
or less well defined plane of the i"IJ:lizing electron beam ＨｾＩ＠ Ｑｾ｣ＮｯＮＺｴＮ･Ａｬ Ｎ＠ a 
distance 1 from the exit slit {l)o The primD.ry ions are s"lT:·lll·\-: CO.!lf-
tinuously toward the exit slit by the repeller field E, produt:' '10. ｢ｾｦ＠ an 
adjustable potential difference between the ion repeller (R) anu. ·c::J'3 
exit slit. In traversing the distance 1 primary ions may ｵｮ､･ｲｧ ｾ＠
collision and reaction with unionized gas molecules forming ｳ･｣ｯｮ｡ＬＭＮ Ｚｾ ﾷｹ＠
ions. .An extremely small fraction of the gas flowing continuou:Jly 
through the ion source is ionized and the concentration of the gas 
in the source may be truren to be constant and equal to n ｭｯｬ･｣ｵｬｾｧＯ｣｣ｯ＠
The ｰｨ･ｮｯｭ･ｾｯｾｬｯｧｩｯ｡ｬ＠ reaction cross-section, Q, for an ion-molecule 
reaction 
p+ + R .....-....) s+ + T 
( + + where p ·=primary ion, R =neutral molecule, S = secondary ion) 
is given by 
• " .. -_l .• ·· . -: .• •• · ' . : :, . . . ··: . \ .... • .- ' .,,' ' .... : .. •• :,· • •• ' .. • . ｾ＠ . • Ｇ ｾ＠ ' > > :. : . 
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ＵｾｾＴ＠ 1 
:t I ｾ ｾｾＦ ｾ［ｪ＠ I f ｾ ｾｾＭ］ ﾷ ﾷ ﾷﾷ Ｇ＠ R 
F = filarnent 1. source slit 
r ｾ＠ elect ron trap· -
e · = e l ect r o n be n m 
·R = repeller plate 
2. f o cuss i n g plate 
3 .. variable exit slit 
ＱｾＮ＠ elect ron ncce lerating plate 
5. e l e c t r o n t r a p s.l i t 
Diagrarn of 
Ion ·Source. 
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I 
1 
Q = 2" 1 
i nl p 
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(A) 
Where i = secondary ion current ＺＺＮＮ ｲ ｾ＠ i = primary ion (;urrento 
s p 
Expression (A) is analagous to t.he Beer's Law expression for 
the absorption of photons ( Q corresponding to the · ｡｢ｳｴｾ｜Ｑ［ｴﾷｴＺｩＮ｣ Ｚ Ｎ Ｑ＠ coefficient) o 
Tile study of the variation of Q with repeller ｶｯｊＺｩＺＮ ｡ ｾｾ＠ t:.:nrl source 
temperattu'e for a number of re.aci:-ions showed that Q was ｰ ｾ Ｚ ﾷ ｇ ｰ ｯ ｲｴｩｯｮ･ｾ＠
1 
to Ｈｅｲ ﾷＭｾ Ｒ＠ :-/ .. :d ｩｮ､･ｰ･ｮ､ｾｮｴ＠ of terr.:per'ato.:re (Gut bier [ 89] o:nd . Stevenson nnd 
ｓ｣ｨｩｳｳｊａｾｲ＠ [ 90]}. ｔｾ Ｑ ｩｳ＠ indica teo. ·4'\lrt>.t equation A could ｾＩ ｇ＠ vn·i tten 
is 
= n · l Qn_ 
_,.,...'1:_ 
｝Ｎｩ ｲ ﾷ ﾷ ｾ＠
(B) ip 
-1.. 
'Where QR =-· ｾＱｯｅ＠ 2 a:nd can be thought of as the reaction crJoss-secticn ,. 
The terminal kine-t.:lc energy with vJhich the primary ions :r.1 / q reach ｾ＠
exit slit ｦｾｯｭ＠ t1tG" :i·:m source is } n_E (where q = charge on j_on and 
m = mass of ｩｯｮＩｾ＠ 5;\.nce the thermal kinetic energy with whicl' •rhG ·i_on 
is formed will, in general, be negligibly ｳｭ｡ｾ＠ compared with ﾷ ｩＺｬｶＺＭｾＮ ﾷ ｴ＠
which it acquires from the electric field. For a uniformly accelerated 
ion, starting from rest, the terminal kinetic energy will equal 2m v2 
'\ 
where vis the (time) average speed with which the ion traversed its 
path to the exit slit. 
i=iUJn 
s P {v) 
Equation B may be rewritten 
(c) 
(1/v) is the mean residence time of the primary ions in the ion source 
and i (1/v) is the average concentration of the primary ions in the p 
ion source. 
1 
i is the rate of formation of secondary ionso 
s 
Thus 
QR (lq/2m. )2 can be thought of as the second 6rder rate constant (k) 
for the ion-molecule reaction. 
(D) 
The first, and very successful, theory to predict the ｰｨ･ｮｯｭ･ｮ｡ｾＭ
logical cross-section Q for ion-.moleoule reactions was developed by 
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Gioumousis and Stevenson [ 91) from Ltmgevin's derivation of the cross-
section of a charged particle (e.g. ion) with a neutral particle 
(molecule) [ 92]. ｾ･ｶｩｐ＠ treated the problem using classical 
mechanics. He considered the effect of bringing up a charged 
particle (unit charge = e) to a neutral particle of polarizability ｾ Ｍ
The charged particle induced a dipole in the neutral molecule which 
leaasto a mutual attraction between the two particles. On classical 
electrostatic theory this varies inversely with the fourth power of 
ru.stance separating them. The potential energy function describing 
this ｡ｴｴｲ｡｣ｴｩｯｾ＠ is given by 
¢(r) = - e2 <t(· 
2r4 (E) 
·where r = the d.ista.noe separating the particles. Langevin showed that 
for a given velocity of the charged particle there was a critical 
distance of approach to the neutral particle below which the charged 
particle would spiral towards the neutral and a collisi.on would t!ik e 
place. At distances above the critical value the charged particle 
would merely be deflected and no collision would occuro The critical 
distance depended on the velocit,y of the charged particle, 
Gioumousis and Stevenson applied Langevin's relationship to the 
collision between ions and molecules treating both as hard:lioot""Dc:>'pio 
spheres. They assumed that when the perpendicular distance between 
ion and molecule was less than the critical distance predicted by 
'• · 
Langevin collision occurred and a reaction took place. The velocity 
distribution of the molecule was Maxwellian whilst that of the ion had 
two components, Maxwellian plus that acquired from the repeller field. 
If the ion energy is large compared with the ｴｨ･ｲｭ･ｾ＠ energy the 
Maxwellian contribution may be neglected and the ｰｨ･ｮｯｭ･ｮｯｾｬｯｧｩ｣｡ｬ＠
reaction cross-seqtion would be given by 
• 
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(F) 
Vfhere & = charge on the ion 
m = mass of ion 
ｾ＠ = the reduced mass of the reacting system 
ｾ＠ = the ｰｯｬ｡ｲｩｺ｡｢ｩｬｩｾ＠ of the molecule 
El = the electric field in the mass spectrometer source (v/om) 
and the rate constant, k, (vide Eqn. D) is given by 
1 
k = 2na (a,· /IJ.)2 (G) 
This theory leads to the result that the cross-section is inde-
pendent of the specific chemical nature of the reactants, but rather 
is a function only of such classical parameters as mass, charge and 
electric polariznbility. 
The theory is in good agreement with experiment for a large number 
of simple ion.molecule reactions (e.g. H2 - rare gas, H2 - diatomic and 
ff number of diatomic-diatomic systems), It is encouraging to note 
that it has been recently shown by Fehsenfeld, Schmeltekopf and Ferguson 
[ 93·] that a number of ion.,.molecule reactions in pulsed-discharge flow 
systems (a regime dramatically different from the traditional mass 
spectrometer source) are in good agreement with the G-S theory. 
As vdth the simple collision theory for neutral-neutral reactions 
the appearance of anomalous (or apparently anomalous) results, notably 
1 
the failure to observe the predicted dependence of cross-section on ｅｾＬ＠
led to the formulation of a number of new theories. Hamill and co-
workers ( 94.] attempted to account for deviations from the G-S model 
in reactions of ions having kinetic energy in excess of a few electron 
volts by including a term in the cross-section expression for hard 
sphere ion-neutral impacts. Friedman suggests that a number of the 
apparently anomalous results considered by Hamill could be explained 
------------------------------ --- -- -
ＱＹＵｾ＠
on the basis of G-S theory if all possible reaction channels 
(including the back reaction) were considered [ 95]. 
Giese [ 96] considers the importance of quantum-mechanical 
, .. 
resonance forces in the reaction and modifies the classical r-4 
potential energy function by an expression for the resonance potential. 
The theory predicts enhanced rates (c.f. G-S theory) when the ioniza-
tion potential of the neutral species approaches the recombination 
energy of the primar,y ion. 
Light ( 97] introduced the concept of phase· ·spa.ce in a new approach 
to ｩｯｮｾｭｯｬ･ｯｵｬ･＠ reaction theory. He considered each particle in the 
reaction system to exist in 6N dimensional space with 6N co-ordinates 
which oharac.terized the momentum and position of ｾｶ･ｲｹ＠ particle in the 
system. Certain parts of the phase space are assigned to reactants 
and products. For a given amount of total energy in the system only 
certain parts of the phase space are accessible to the ions or molecules. 
Light assumes that transition complexes ore formed at a rate given by 
the G-S theory and that these states decompose along the available 
reaction channels (including paths for back reactions) at rates which 
depend on the amount of phase ｳｰ｡｣ｾ＠ available to the reactants and 
products. The theory is equivalent to statistical Rate Theory of 
ｮ･ｵｴｲｯｬＭｮ･ｵｴｾ｡ｬ＠ reactions, but it can be applied to systems that do 
not have a Maxwell-Boltzmann energy distribution. The major drawback 
of the theory is that, at the moment, it can only be applied to simple 
systems (of the type x+ + H2, H; + X) because of the complexity of the 
mathematics involved1 and these systems are adequately described ｡ｾ｡ｹ＠
by the G-S theor,y. 
(iv .) idm of Present Work: 
The G-S theory breaks down in oomplex systems. For example the 
I 
. l 
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ion-molecule reactions that take place when ｢･ｾｺ･ｭ＠ is ionized in 
a mass spectrometer source. Reuben and Lifshitz were unable to 
apply the G-S theory to their data on the reaction of c6H; ions with 
benzene molecules to give a large number of association products of 
Such systems are impossible 
to treat theoretically with any degree of confidence. .Accordingly 
this work is concerned with o. simple system in which the G-S :mara.-
meters of mass, polarizability and charge are known. 
The N20/H2 ion molecule system has only been briefly studied by 
other workers. Hall ( 99] reported that in N20/H2 mixtures with a 
40-fold excess of hydrogen a peak at mass 45 is observed with a 45/44 
peak height ratio of 2.6% is found. HaJ.l suggests that as this ratio 
is greater than the isotopic contribution due to ｬＵｾｾＰ＠ and ｬｾＵｎｏ＠
ｾ Ｎ＠ the peak represents the formation of the N2oH+ ion. Fehsenfeld 
et al ( 93] have recently published a bimolecular rate constant for 
+ + N20 + H2 ｾ＠ N20H + H 
obtained in a pulsed-discharge flow s,ystem that is 3.5 times smaller 
than that predicted by G-S theor,y. In this present work· it is hoped 
to compare the ion molecule reactions in the N20/H2 (and isotopes D2 
and HD) with the well characterized ｃｏｾｈ Ｒ＠ system (e.g. Friedman and 
Moran [ 100] ). Carbon dioxide has the same mass as, o.nd isisoeleotronic 
with,N2o. The dipole moments (zero for ｣ｯ Ｒ ｾ＠ and polarizabilitics are 
. 03 03 . 
similar ( a; for C02 = 2.65 .A: , a. for N2o = .3.P A ( 101] )·. The rate 
constants for the bimolecular reactions 
and 
N
2
o+ + H
2 
-':') N
2
oH+ + H 
+ C02 + H2 ---) co2H + H 
predicted by G-S theory are also similar and the experimental values 
obtained ( 93, 100] for the co2 reaction are in good agreement with 
theory. The only difference between the two systems is a chemical 
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one, yet the experimental rate constant for the N2o/H2 reaction is 
lower by a factor of 3 than that predicted by the G-S ｴｨ･ｯｾ＠ and that 
experimentally found for ｣ｯｺｾｈ Ｒ •＠ The aim therefore is to investigate 
the N20/H2 system and attempt to explain the reason for the difference. 
Unfortunately, a long series of instrumental faults prevented a 
complete investigation from being carried out within the time available. 
The results are therefore incomplete but demonstrate that the rates of 
ioh..molecule reactions of this type are not governed by purely electro-
static factors. 
DESCRIPTION OF APPARATUS 
The instrument used in this work was an AoEoio MS12 mass spectre-
meter. This is a single focussing instrument with a 1211 radius 90° 
magnetic analyser nnd a conventional Nier source. The only modification 
to the normal source supplied by AoEoio was that the source slit was 
0.00111 wide instead of the normal 0.005''. The narrow slit reduced 
penetration of the ion ｡｣｣ Ｎ ｾｬ･ｲ｡ｴｩｮｧ＠ voltage into the ion chamber. Fig • 
.., . 
4.1 is a schematic diagram of the ion source. The dimensions are as 
follows: 
Length of repeller (a) :;;: 1.84 em 
Dia.tance of repeller from source slit = 0.32 em 
Distance of electron beam from source slit = 0.16 om 
Diameter of electron beam = 0.04 em 
Distance of source slit to exit slit = 1.13 om 
Ions are accelerated on leaving the ion source, pass through the 
magnetic analyser and are focussed onto the cathode of an electron 
multiplier. The current delivered by the electron multiplier is 
! 
I 
_,] 
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measured and is proportional to the ion current. 
(i) Source Condi tiona: 
The source conditions employed for the investigation of the ｩｯｮｾ＠
molecule reactions were as follows: 
Electron energy = 70 eV 
Electron current = lOf.IA 
Ion accelerating voltage = 2000V 
Repeller volts = 0 to 6.5 volts 
i.e. Repeller field 0 to 21 volts em -1 = 
Source temperature = 250°0 
Source slit = 0.004" 
Collector slit = 0.030" 
(ii) Field Penetration: 
It is of importance in the measurement of the reaction cross-
section (QR) to know the size of the repeller field in the ion source. 
The repeller field may be distorted by penetration of the ion accelera-
ting field into ·the ion source. If no field penetration occurs then 
the peak height of an ion will be zero at zero repeller volts and will 
increase rapidly to a maximum as the repeller field is increased. This 
maximum corresponds to all the ions formed in the section defined by the 
source slit being driven out of the ion source region and in·to the ana-
lyser. As the repeller volts are increased still further no change in 
the maximum ｰ･ｲｵｾｨ･ｩｧｨｴ＠ should occur. This ideal case is represented 
in the figure shown below: 
Peak height 
max 
___ , ___ ., ___ _ 
·' .. Repeller volts 
l 
_.1 
ＱＹｾ＠ .• 
In the normaJ. MS12 source (i.e. one with a source slit of 0.005") 
with an ion accelerating voltage of 8kV this behaviour does not occur. 
At zero repeller voltage the peak height is about 5o% of the maximum. 
As the repeller volts are increased the peclc height increases sharply 
to a maximum (at about 2v/om). Further increase of repeller volts 
causes a sharp drop followed by a slow rise in peak height until a 
broad maximum is reached. The effect is illustrated below: 
Peak height 
0 Repeller volts 
This behaviour is common to most sector instruments when high ion 
accelerating potentials are used. Some workers (e.g. Henchman et al 
[ 88] and Birkinshaw [ 102]) suggest that this is a result of substantial 
field penetration. In the present work conditions were arranged so as 
to minimise the field penetration (0.001" source slit and 2kV ion acce- i 
lerating potential). The plot of peak height (of ｎ Ｒ ｯｾＩ＠ against repeller 
field is shown in Fig. 4.2. It can be seen that at zero repeller field 
very few ions are leaving the ion source. As the field is increased the 
peak height rises until a maxioum is reached (at about ·5v/om). The 
peak height then f.alls as the field is in9reased levelling off to about 
30% the maximum value at fields ｾＲＴ＠ volts/em. 
The fact that very few ions leave the ion source at zero repeller 
fields shows that penetration of the ion accelerating potential is 
negligible. No ready explanation ·· for the appearance of a maximum 
(as opposed to a plateau in the ideal case) can be offered. It may 
be due to the apparently unusual ion optics associated with sector 
instruments. 
·· . .. ,··:: ·•' ,· .. . . ' . . · ·.·' ,' .. · 
I 
I 
! 3 
0 
2 . 
1 
0 
o--o 
I\ 
0 \ I 0 
0 \ 
() 
\ 
Ｐｾ＠
0 ｾＰＭＭＭ
. . -o-v l------ Region of work 
ｾＭＭ｟Ｌ Ｌ＠ 9 I I J J 1_ 1_ _ 
ｾ＠ 11j . 0 . ｾ＠ ｴｾ＠ .,. 8 ｾ＠ 12 ｾ＠ 16 ｾ＠ 2 0 - 21{) 
ｒ･ｰ･ｕｾｲ＠ Fi®ld volts/ern. 
200. 
I 
_____ i 
201. 
{iii)gas Handling System: 
The gas handling system is shown in Fig. 4.3. G-ases contained 
in the SO? ml volume are admitted to the reaction vessel through a 
. . -
glass-sinter molecular le ok. The pressure in the volume was measured 
by an Atlas torr meter (type MAT 6103 MCT) which covered the range 0 to 
20 torr in 3 ranges ( 0 to 2, 0 to 5 and 0 to 20 torr). This torr 
meter measures the absolute gas pressure by a diaphragm/capacitor 
arrangement and the reading is independent of the nature of the gas. 
For the ion-molecule work mixtures of gases (at lO's of torr 
pressure) were made up in the 100 ml mixer using the mercury manometer 
to measure the pressure. The gases were allowed to mix thoroughly 
before being admitted to the 500 ml sample volume. It was found that 
during the course of a run (about 10 minutes) the pressure in the sample 
volume dropped by about 5%. The magnitude of the pressure drop was 
smaller than the inaccuracies of ion current measurement. 
CALIBRATION OF SOURCE PRESSURE 
(i) Method: 
Ions are produced in the source by electron bombardment of gas 
molecules. For a given electron energy and ion current (I electron) 
the number of molecules ionized depends on the pressure of the gas 
( n molecules/cca), the distance travelled by the electrons (taken as 
d the length of the repeller plate) and the ionization cross-section Qi 
of the gas. Q. is defined by 
ｾ＠
I ion 
I electron 
=n d Q. 
l. 
(H) 
ubere I ion is the current measured when all the ions formed by electrons 
ｴｲ｡ｶ･ｾｳｩｮｧ＠ the length of the repeller plate (d) are collected at the 
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repeller. The technique for determining I ion is a simple one and 
the circuit used is shown in Fig. 4.4. 
The source HoTo and repeller circuits are switched off and dis-
connected. The source block is connected to earth. .A variable 
negative voltage (supplied by a battery chain) is applied to the 
repeller plate, the current produced by the collection of positive ions 
formed by electron bombardment of the gas in the source develops a 
potential across a high value resistor (values of 1o9Jl. and ＲｸＱＰ Ｘ ｾＰ ｾ＠
were used) which is measured by a Vibron 33c electrometer. With 
sample gas flowing through the source the negative potential applied 
to the repeller is increased until constant maximum voltage is recorded 
by the Vibron. vThen this maximum is reached it is assumed that all 
the positive ions formed in the source are being collected. The ion 
current this produced is calculated from the voltage by the usual Ohm's 
Law relationship. Thus since the electron current is known ＨＱＰｾＩ＠ the 
pressure of the gas may be obtained by substituting the lcnown ionization 
cross-section of the sample gus into Equation H. 
(ii) ｄＱｦｦｩ｣ｵｬｴｩｾｾＺ＠
( -8 Even with the source evacuated 5xl0 torr) a current was measured 
by the Vibron. This current varied with the repeller potential, the 
electron energy and with the electron current, and in a number of instances 
it was m'7ch bigger than the ion current produced when gas was admitted 
to the source. In order to keep this residual current (due to space 
charge effects in the ion source) to a minimum, and at the same time 
produce enough ions to permit accurate measurement of the ion current, 
it was necessary to optimise the source conditions. All measurements 
were therefore made with 40 eV electrons with nn electron beam intensity 
of ＱＰｾＮ＠ A small "back off" potential was applied to the vibron to 
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compensate for the residual current and thus allow measurement of the 
true ion current to be made. 
It was also found that if the repeller was biased at too high a 
negative value an increase in the voltage measured, above the "c:onsto.nt11 
maximum, was observed in the voltage measured by the Vibrono This was 
probably caused by deflection of the electron beam by the negative 
repeller field. 
(iii) ｍ･｡ｳｵｲ･ｾｾｮｴ＠ of Ion Current: 
The procedure adopted to measure the ion current was as follows: 
a) the source was evacuated end the repeller set at a known 
negative voltage. 
b) the residual. current v11as "backed off" and a sample of gas at 
a known sample volume pressure (measured on the torr meter) was admitted 
to the source. 
c) the ion current was measured and the cycle a) to c) was ropontoa 
at different repeller voltages with the same pressure of gas. .A typical 
result is shown for nitrogen in Fig. 4.5a. It will be seen that the ion 
current rises steeply with repeller volts until a plateau is reached. 
The current remains constant until too high a repeller voltage is applied. 
d) the source was then evacuated and the repeller set to the voltage 
corresponding to the centre of the plateau for the particular calibrant 
ga.s, and the residual current was "backed off" on the Vibron. 
e) the ion current was then measured for a number of different gas 
pressures in the sample volume. 
f) the whole process was repeated for each calibrating gas. 
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(iv) ｾＺ＠
From Equation H (I ion/I electron = n d Q) it will be seen that 
if Xi OC. to pressure (P) of gas behind the leak then a plot of I ion 
against P will be a straight line. Fig. 4.5b shows the calibration 
for nitrogen, and similar straight lines were obtained for all the 
｣｡ｬｩ｢ｲ｡ｮｾﾷｧ｡ｳ･ｳＮ＠ From the slopes of these straight lines (given in 
Table 4.1) it is possible to ｣｡ｬｩ｢ｾ｡ｴ･＠ the pressure in the sample 
volume (measured by the torr meter) with the number molecules/co in the 
source using the published ionization cross-sections of the calibrant 
gases. Tho ionization cross-sections were obtained for 40eV electrons 
from tables published by Ra.pp and Englander - Golden [ 103]. Table 4. 2 
shows the calibration obtained for the different gases and also their 
cross sections for 40 eV electrons. 
(v) Conclusion: 
The rate at which a gas diffuses through the molecular leak into 
the source is proportional to the pressure drop across the leruc and 
inversely proportional to the square root of its molecular weight. 
At the same time the rate at which a given pressure of gas is pumped 
out of the source is also inversely proportional to the square root of 
its molecular weight. To ｾ＠ first approximation, therefore, the number 
of molecules/co of any gas in the source for the same pressure in the 
sample volume will be the same. 
The calibrant gases used covered a large range of molecular weights 
and cross-sections. It will be seen from Table 4.Z that the calibra-
tion factor (moleoules/cc. A. torr -l) shows no trend with molecular weight, 
rn1d therefore within the limits of experimental scatter the concentration 
of molecules in the source will be the same independent of the molecular 
weighto This is what was·prediotedo The fact that all the calibrating 
---------------------------- - - -- - - ---
·- _j 
Gas 
H2 
D 2 
He 
CH4 
N2 
C2H4 
02 
Ar. 
N20 
Kr 
Xe 
Go.s 
H2 
D2 
Ho 
CH 4 
N2 
C2H4 
02 
Ar 
N2o 
Kr 
Xe 
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Table 4.1 ｓｾｯｰ･ｳ＠ ｯｾ＠ I ion vs Pressure p1ots 
Sou roe Mol. Wt. Slope 10-9 amp/torr 
B"O.Co 2 0.520 
Matheson. 4 0.509 
Bo OoC o 4. 0.094 
Air Products 16 1.63 
BoOoC. 28 0.925 
Air Products 28 1.88 
BoOoCo 32 0.895 
BoOoCo 40 1.39 
B .. OoC• 1¥+ 1.20 
BoOoC. 84 1.90 
B.OoC. 131 2.62 
Table 4. 2 Calibration of Pressure behind Leak 
with number of molecules/co in souroao 
Cross-section <1)2 -1 -1 Molecules cc torr 
0.984 2.87 X 10 11 
0.996 2.78 
0.195 2.62 
3.43 2.58 
1.79 2.81 
5.11 2.00 
1.67 2.98 
2.72 2.77 
2.63 2.48 
3-97 2.60 
5.09 2.80 
Average: 1 torr= 2.57 x 1011 molecules ee-l 
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gases gave good straight line plots of I ion against sample volume 
pressure is some justification of the calibration procedureo 
The calibration factor for converting sample volume pressure to 
pressure in the source is 
1 torr (sample volume) = 2.57 ± 0.40 x 1011 moleculos/co· 
The source temperature was 250°C and at this temperature 1 torr = 
1. 68 x 1016 molecules/co ·· • Therefore the pressure in the source 
for 1 torr behind the leak is 1.52 x 10-5 torr. 
ION MOLECULE REACTIONS: 
EXPERIMENTAL RESULTS 
The gases used in these studies are described in Appendix 4.1 
which contains an account of the preparation of hydrogen deuteride. 
(i) Introduction: 
For a simple ion molecule reaction of the type 
+ + N2o + ｈ Ｒ ｾｎ Ｒ Ｐｈ＠ + H 
the phenomeno--logical cross-section Q is defined by 
i /i = n 1 Q 
s p (A) 
and the Gioumousis-Stevenson theory predicts that· Q•· is ｩｾＱｶｯｲｳｯｬｹ＠ . 
1 
proportional -'_-; ·. tho square root of tho ropelltW ｾｯｬ＠ tevge ( oc E .. ｾＩＮ＠
The method used to measure i /i for a given gas mixture was as 
s p 
follows: 
a) the repeller voltage was set and the mass spectrometer tuned 
to the m/e 44 peak (N2o+ or Co2+) and the signal intensity recorded (ip) 
b) the magnet was then tuned to the ｾ･＠ 45 peak (N20H+) or the 
m/e 46 peak (N2on+) and the signal recorded (is). 
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c) the repeller volts were then increased, keeping the mass 
spectrometer tuned to m/e 45, and the signal recorded. 
d) the mass spectrometer was then tuned to the 44 peak and the 
signal recorded. 
The process was repeated until the whole experimental range of 
repeller fields was covered (i.e. E/1 from 1 to 21 v/om). Through-
out the course of a run the source focussing conditions and electron 
multiplier sensitivity was kept oonstant4 For different mixtures the 
multiplier sensitivity was adjusted to maximise the signals obtained. 
The experimentally measured i /i ratios had to be corrected for 
s p 
the contribution to the m/e 45 and 46 peaks of the isotopic species of 
These contributions were determined experimentally and are: 
45/44 = 0. 76% and 46/44 = 0.2o% 
45/44 = 1.16% and 46/44 = 0.40% 
These average values were obtained from 20 separate determinations of 
45/44 and 46/44 ratios. It was found that the individual values varied 
over a lq% range. This variation in isotopic contribution meant that 
the i /i ratios could be as much as 4ry/o in error when the contribution 
s p 
of the N20H+ ion to rn/e 45 peak was small. 
ｾｶｯ＠ different ion molecule reactions are possible when a mixture 
of N20/H2 is subjected to ionising electrons 
v.'iz N2o+ + H2 Ｍｾ＠ N2oH+ + H 
H2 + + N2o ·---;)N2on+ + H 
In both oases the products are the same. 
(1) 
(2) 
Both reactions were in fa.ct 
detected (v. infra) and the extent of each of them was measured. 
(ii) "Order" of Reaction: 
Equation A shows that for a given repeller field i /i dC 
s p 
pressure of neutraJ. moluonles in the source. Therefore if onlY the 
(iii) 
reaction N2o+ + H were ｯ｣｣ｵｲｾｮｧ＠ it would be expected thut for a 
fixed concentration of N20 the 45/44 peek ratio would var,y linearly 
with hydrogen concentration. Conversely for a fixed concentration 
of hydrogen the 45/44 ratio should remain constant with varying N2o 
concentration. Fig. 4.6a shows that 45/44 varies linearly with 
hydrogen pressure for a fixed N2o pressure (5.12 x 10
11 
molecules/co). 
It can be seen that the slope of 45/44 vs H2 pressure decreases with 
increasing repeller field. However Fig. 4.6b shows that 45/44 is not 
constru1t with varying N20 pressure. The i /i ratio increases with s p 
the increasing percentage of hydrogen in the gas mixture. 
therefore conclude that the reaction 
is also occurring. 
i /i Ratios in N2o/D2 Mixtures of Fixed Composition: s p 
One must 
(2) 
From the results presented in the previous section one can see 
that the contribution of the isotopic N2o to the m/e 45 peak was at 
times much greater than the observed N20H+ contribution. In order to 
minimise the errors introduced by the isotopic contribution in obtain-
ing N2oH+/N2o+ ratios it was decided to use deuterium in pluce of 
hydrogen. The ion-molecule characteristics would be little changed. 
As the N2o isotopic contribution to the m/e 46 peDk is about four times 
smaller than in the 45 peru{'s case it was hoped that better accuracy 
would be obtained in the measurement of the extent of ion-molecule 
In order to achieve as large as possible 
46/41!- peak ratios, mixtures in which deuterium was in excess were used. 
It hus been shown that both ion-molecule reactions are occurring 
concurrently. 
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(3) 
viz 
(4) 
For reaction 3-
(I) 
and for reaction 4 
(J) 
where 
Q and Q' are the cross sections of 3 and 4 ｲ･ｳｰ･｣ｴｩｶ･ｾ＠
i and i ere the secondary ion currents qf 3 and 4 respectively 
s s 
t 
1 and i are the primar.y ion currents of 3 and 4 respectively p p 
f 
i can be related to i · by: p p 
I 
i = x.a.i p p 
VVhere X = the number of times the deuterium 
concentration is greater than the N2o concentration and n the ionization 
cross-section of deuterium divided by the ionization cross-section of 
nitrous oxidea Equation J becomes 
i 
s 
= x.a.i nN 0 1 Q' p 2 
Adding (t) and (K) 
i +i 
s s 
= i nD 1 Q + i x.a. p 2 p nN 0 1 Q' 2 
(K) ·:. 
(L) ｾ＠
Dividing both sides of Equation L by ip one obtains the expression for 
the experimentally measured 46/44 peak ratios 
i.e. 1±2. i +i 41+= s. s 
]. p 
= nD 1 Q + x nN 0 a. 1 Q' 2 2 
However nN 0 = x nD and therefore Equation M becomes 2 2 
tf = nD 1 (Q+aQ') 
2 
(M) r, 
(N) .. " 
Experimental measurements were carried out to investigate the variation 
of 46/44 peak ratio with total pressure using 1:9, 1:4 and 1:2 N20/D2 
mi:atures the results are shown il:'l Fig. 4. 7 in which 46/4lf. peale ratios 
are plotted against tota1 ·pressure (n total). 
nD = (proportion of D2 in mixture) x ntotal• 
. 2 
For a given mixture 
It is therefore possible 
to obtain values for the overall ｰｨ･ｮｯｭ･ｮｯｾｬｯｧｩ｣ｮｬ＠ cross-section 
(Q+aQ') from the slopes of the lines in Fig. 4.7 and the fraction of 
D2 in each mixture. The results ore tabulated in Table 4.3. It can 
be seen that for a given repeller· field the value of Q+o.Q' is approx-
ｩｭ｡ｴ･ｾ＠ the same for the different mixtures and that the ｯｶ･ｲｾｬｬ＠ cross-
section decreases with increasing repeller volts (N.Bo the term overall 
cross-section refers to the sum of Q+aQ'). 
(iv) Reactions in N£0/HD ｉｖｉＺｩＮｸｴｵｲ･ｳｾ＠
The use of hydrogen deuteride in ion-molecule reaction systems 
was originally suggested by IG.ein and Friedman [ 104] as providing a 
means for studying translational-internal energy transfer processes 
in reo.cti ve collisions. For relatively fast reactant ions a hydrogen 
or deuterium atom is directly transferred. The isotope effect arises 
from the relative probabilities of forming the linear transition 
complexes 
N20 - H - D+ 
and N 0 - D - H+ 2 
That a choice of transition complex is available (instead of 
assuming equal probabilities of formation) is explained by the fact 
that in hydrogen deuteride the centre of mass (c) does not coincide 
with the centre of polarizability (p) 
viz p c ｈＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭ］ＭＭ
.· or D 
as an ion approaches the HD molecule there will be a tendency for the 
molecule to orientate itself so that the hydrogen atom faces the on-
! ＧｾＺＶＯｬＧｊｴ＠ 0/© 
Q Ｉｾ＠ 1: 9 
0-2 
L== ....... ｾＭ］＠ ｾｾＭＢＧＢＢＢＧＭＭＭｺＡ＠
ＵｾＰＯ＠
b). 1: t 
0·2, 
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ｾＱＮ Ｑ ｩｯＮ＠
Table 4o3 Overall Cross-sections for ｎ Ｒ ｑＯｮｾ＠
vpeller 
ｾｶＯ｣ｭ＠ 1 3 7 
1:9 
1:4 
1:2 
Average (Q+a,Q') 
4812 
55 
35 
15 
19 
10 
11 
Table 4.4 Overall Cross-Sections for N20/HD 
Ｍｧ［ｾｾ･ｲ＠
1:9 
1:4 
1:2' 
Average (Q+aQ') 
1 
73 
54 
7 
35 12 
22 12 
Table 4.5 Overall Cross-sections for C02 Reactions 
ｾｬｬ･ｲ＠
Reaotio v/cm 1 3 7 
COzlD2 223!
2 12o.A2 48A2 
co2/HD 216 129 57 
HD/D2 0.97 1 .. 06 1.20 
co2/N20 for D2 4.8 6.3 4.4 
co2/N20 for HD 3-5 4.5 4.4 
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coming ion [ 105]. A preference will therefore be shown for the 
+ N20H product. The isotope effect due to the formation of linear 
complex is given by [ 104] 
k ｾ＠ &: ｾＲ＠H 1 + orr kD =1 - or. r 2 (0)' 
•. 
vVhere r is the Langevin radius of ion-molecule cross-section and oT the 
displacement of the centre of mass from the centre of polarizability. 
The kinetic energy dependence of the isotope effect comes ｶｩｾ＠ the 
energy dependence of the Longevin radius r. At zero repeller volts 
(" 
the value of expression 0 is unity. .As the ion energy increases (i.e. 
repeller field increases) the value of ｾ＠ decreases and kifkn ｢･｣ｏｊｾ･ｳ＠
greater than 1. .A further isotope effect can be introduced when the 
unimoleculer decompositlon of a possible non linear complex is considered. 
viz No+ 
;·2\ 
H D 
Such complexes nre more likely to be formed at low ion energies and will 
have the effect of decreasing the isotope effect predicted by Equation .0. 
This effect was observed by Klein and Friedman [ 104] for rare gas/HD ion-· 
molecule reactions where it was found that at low repeller fields the 
kr(k:D ratio was < 1. In the case of HD+ + Ne and HD+ + He maxima were 
observed in the ｫｾｴｄ＠ vs.repeller field plots. These maxima were claimed 
by Klein and Friec1man to demonstrate that kinetic energy - internal ･ｮ･ｲｧ［ｾ＠
transfer was required within the transition complex before a reactive 
process could occur. Friedman ( 71] suggests that such reactions will 
have much smaller cross-sections. 
The data obtained on the intramolecular isotope effects in N20/HD 
mixtures was not sufficiently accurate to permit ｡ｾ＠ but the most qunli-
tative conclusions to be drawn (see Fig. 4.8). Fig. 4.8 shows the 
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•l 
N OH+/N OD+ ｾｴｩｯ＠ plotted ｡ｧｯｩｾ･ｴ＠ ｲｾｰ･ｬｬ｡ｲ＠ rield for 811 N20/HD mixtures. 2 2 ｾ＠
It can be seen that eXPerimental scatter is appvJ.ling. The trend is 
for the 45/46 -peak ratio to increase with repeller field until a maximum 
(at about lOv/cm) is reached. The isotope effect then decreases. It 
should be pointed out that larger isotope effects than are ｣ｯｾｮｯｮｬｹ＠
observed are found. (Friedman suggests that values ranging from slightly 
less than unity to two are to be expected ( 71]) o The evaluation of the 
isotope effects are complioo.ted by the faot that four reactions ore 
occurring 
viz No+ 2 + HD Ｍｾ＠ N2oH+ + D 
+ + HD + H N20 ｾ＠ N20D. + 
HD+ + N2o --=; N2oH+ + D 
HD+ + N2o ﾷ ｾ＠ N2on+ + H 
The fact that a maximum appears in Fig. 4.8 suggests that the reaction 
may involve kinetic energy - internal energy transfer. If such a transfer 
is trueing place in the transition complex then it may explain why such a 
low reaction cross-section is observed. 
It is of interest to note that the overall cross-section for N20/HD 
reactions are somewhat larger than those obtained from N20/D2 mixtures. 
They were obtained from plots of i /i against total pressure in the 
s p 
manner described in section (iv). In this case i/ip is the sum of the 
m/e 45/44 and 46/44 peak ratioso The intermolecular isotope effect 
The cross-
sections obtained are shown in Table 4.4. 
(v) co2 Ion-Molecule Reactions: 
The data obtained on co2 ion-molecule systems was limited to 1:9 
co2/D2 and co2/HD mixtures. 
--------------------- ------------
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a) Overall Cross-Sections. 
The method used for the determination is the same as used in 
sections (iii) and (iv). The results for the co2/D2 mixture are 
shown graphically in Fig. 4.9 and the overall cross-seotions obtained 
for both mixtures are shown in Table 4.5. ｾｴ＠ may be seen that the 
.j 
cross-sections for the co2 ion..molecule ｲ･｡｣ｾｩｯｮｳ＠ are much greater than 
Table 4.5 also shows the ratios of the overall cross-
sections for the co2 and N20 reactions. There is some scatter, but 
this is to be expected since the C02 data are not as extensive as the 
The average C02/N2o r.enction ratio from Table 4. 5 is 4. 7. 
This compares favourably with Fehsenfeld et al's [93] results for the 
reactions 
+ :+ C02 + H2 ｾ ﾷ＠ C02H + H 
and N2o+ + H2 ｾ＠ N20H+ + H 
They obtained values for the bimolecular rate constant of 1.4 x 109 
cm3 mole-l sec-1 for co2+ + H2 and 0.4 x 10
9 for N2o+ + H, o. ratio 
C02/N2o of 3.5. 
Fehsenfeld et al [ 93] and Moran and Friedrm:m [ 100] founcl that the 
rate constant for the Co2++ H2 reaction was in close agreement with 
that predicted by the G-:ioumou.sis•.Stevon{i0n th<Qoey. It is therefore 
clear that in its simple form the G--S theory is not applicable to ion-
molecule reactions involving N2o and H2• 
b) Intramolecular Isotope Effects. 
The variation of co2H+/co2n+ ratio with repeller field for 1:9 
CO/HD mixtures is shown in Fig. 4.10. Experimental scatter is bad 
but not as great as in the case of the N2o work. The dashed line 
represents the hes1h ｾｩｮｯｬ ﾷ＠ th:reough' the rworc.ge vc.luas of all : vt.luos· obtained 
r-..t· oa.ch ' ·t--upE>ller setting. ｾ ｔｨｯ＠ solic:. li.no·Lropreaonts ttho rosults obtained 
seen that the results obtained in this work follow the same general 
ｴｾ･ｮ､＠ as Moran and Friedman's data. 
CO ｈｾ＠ＭＭＲＮＮＬＮＮＮＮＬＮｾ＠
2 COiD . (; .. 
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e 0 0 0 C) 0 0 
This work. 
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ｾｨ･＠ aotual values of the isotope effects are however slightly higher. 
This ｭ･ｾ＠ be due to the fact that in the present case two ｩｯｮｾｯｬ･｣ｵｬ･＠
reactions (each with an isotope effect) are occurring, whereas in Moran 
and Frieclman's system it was demonstrated that only co2+ + HD reaction 
occurred. It will be seen that in neither Moran and Friedman's data 
nor in the present data is a maximum in the plot of ｫｾｴｄ＠ against 
repeller field observed, 
(vi) Extent of Competing Reactions: 
It has been shown that both possible ion molecule reactions occur 
when a mixture of N20 and hydrogen (or its isotopes) is subjected to 
electron bombardment. 
i.e. (3) 
(4) 
The ionization potentials of nitrous oxide and deuterium differ by 
about 2 • .5 eV. (N2o = 12.9 eV · : and D2 == ＱＵｾＴ･ｖ＠ [ 106]). It should 
therefore be possible to observe a decrease in i /i ratio as the energy 
s p 
of the ionizing electron beam is reduced to below the ionization potential 
of deuteriumo Accordingly experiments were carried out to measure the 
ionization efficiency curves of N2o+, D2+ and the product of ion-molecule 
reaction N2on+, at the same time the variation of N20D+/N2o+ ratio with 
electron beam energy was measured at a repeller field of 3 v/cm for a 
1:9 mixture of N20/D2 at a pressure of 49 x 10
11 
molecules/co. The 
results are shown in Fig. 4.lla. In this figure the ionization effi-
cienoy curves are normalized at 50 eV electron beam energyo ｐｾｳｯ＠
shown is the 46/44 peak ratio plotted on the same electron energy scnle. 
The presence of the two reactions is clearly demonstrated. It can be 
seen that a change in 46/44 ratio occurs at about tho appearance poten-
tial of deuterium, below ana above this point the ratios remain approx-
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ima tely constant. The value of the 46/44 ratio below the deuterium 
appearance potential divided by the ratio 46/41+ above the potontia.l 
gives the relative extent of the N2o+ + n2 reaction to the total ion ... 
molecule reactiono For the N20/D2 system this fraction is: 
(N2o+ + D2) ::: 0,79 
Total reaction 
The ionization potentials of Co2 and deuterium differ by ＱｾＶ＠
... eV (Co2 = 13.8 eV and D2 = 15o'lr eV)[ 106]. 
. therefore be applied to the coz1n2 system. 
The same procedure may 
Two determinations of the 
fraction of co2+ + D2 reaction were carried out at 3 v/cm repeller 
field and the results obtained agreed to within about 1q% (0.67 and 0.60). 
To check the method and to see whether one or other of the reactions had 
an abnormal dependence on repeller field the experiments were repeated 
at a repeller field of 21 v/cmo. The (Co2++ n2)/(Total reaction) ratio 
agreed within the experimental error to those obtained at 3 v/cm ( 0.61 
at 21 v/cm). Therefore, 
= 0.63 
Total reaction 
It is concluded that under the experimental concli tions employed, 
two concurrent ion molecule reactions are occurring in both the N20/D2 
and co;n2 systems. This disagrees with Moran and Friedman's result 
that only the reaction co2 + + HD occurred in the co2/HD system [ 100]. 
One can optain the cross-sections for the individual reactions 
', 
N2o+(cb2+) + n2 ｾ＠ N2on+(co2n+) + n 
(cross section Q) 
D2 + + N2o(co2) ｾ＠ N20D+(co2D+) + D 
(cross section Q') 
from Equation Nwhioh was derived in section (iii) for the two concurrent 
reaction:s 
224. 
ｾｰ･｡ｫ＠ ratio= ｾｄ＠ 1 (Q+aQ') 
.. 2 
(N) 
and Equation r'whioh defines the cross-section for the reaction 
N O+(co +) n 1 2 2 + 2 a ono 
ｾ＠ peak ratio = nD 1 Q 
2 
(I) 
It can be seen that the ratio of (N2o+ + D) reaction to total reaction 
is given by I ｾ＠ N 
No+ + D 1 Q 2 2 = nD 
Totru. reaction -2 
nD 1 (Q+aQ') 
2 
Values of Q and aQ' may therefore be calculated for both the N2o and C02 
reactions from the overall cross-sections given in Tables 4.3, 4 and 5. 
Values for Q' may be obtained using the published values for the ioniza-
tion cross-sections of D2, N2o o.nd co2 [ 103]. It is assumed that the 
ionization cross-section of hydrogen deuteride is the same o.s tho.t for 
deuterium. For 70 eV electrons a = 0.285 for the N2o reactions, and 
for co2 reactions a = 0.305. 
1 
(vii) Evidence f£F ｅｾ＠ ､･ｾｮ､･ｮ｣･Ｚ＠
The G-iouoou::ds-Stevenson theory predicts that the phenomenol\lt'logiccl 
1 
cross-section (Q) will be dependent on (kinetic energy of the ｩｯｮＩｾＮ＠
The kinetic energy of un ion travelling a c.listanoe 1 em in a field 
E v/om is = (e 1 E) where o is the charge carried by the ion . 
1 
Therefore if one plots the i /± ratio against ＨｬｅＩｾ＠ a 
s p 
straight line should be obtained (since ｩｳＯｩｰｾ＠ Q). Fig. 4.12 shows 
the 46/41+ peak ratios for 1:9 N20/D2 mixtures plotted against (ion 
1 
･ｮ･ｲｧｹＩｾＮ＠ It can be seen that moderately g.)od straight lines are 
obtained in the region ·1 v/om to 7 v/om, at ｨｩｾｨｾｲ＠ fields there is 
a tendency for the i /i ratios to become constant. 
s p This is probably 
_ _j 
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a result of the large experimental error in the measurement of i /i s p 
in regions where the ion-molecule contribution to the 46 peru{ is very 
small. It may therefore be concluded that the results obtained in the 
repeller field region l v/cm to 7 v/cm may be used to calculate bi-
molo.cular rate constants (k) using the Giaumo:usis...Stonrennon rolJ:l.tionship: 
1 
k = (1 E/2m)2 Q 
To confirm this finding the values for the overall cross-sections 
for N2o/D2, N20/HD, C02/D2 and co2/HD mixtures ·were plotted against 
1 (1 ｅＩｾＮＬ＠ .As may be seen from Fig. 4.13 go·od straight lines are obtained. 
DISCUSSION 
(i) Comparison of Results ｷｩｴｾｾｾｩｯｵｭｯｵｳｩｳＭｓｴ･ｶ･ｮｳｾｮ＠ ｔｨ･ｯｾＺ＠
A prerequisite for applying the Gioumousis-Stevenson theory to 
an ion-:molecule reaction is that the phenomenoNalogical cross-section 
1 
varies linearly with the (ion ･ｮ･ｲｧｹＩｾＮ＠ This has been observed to 
occur in both N20/hyclrogen and ｃｏｾｨｾｬｲｯｧ･ｮ＠ systems (Figs. 4.11 and 12). 
The experimentally determined quantity is the sum of the individual 
ｰｨ･ｮｯｮ･ｮｯｾｬｯｧｩ｣｡ｬ＠ cross-sections (Q+aQ') at different repeller fields 
for the concurrent reactions 
+ AB + x2 cross-section ＭｾＮａｬＵｘＫ＠ +X 
= Q 
X + + Ｎａｊｂ［ＭＭﾷｾ＠
2 cross-section = Q' 
where .AB is N2o or co2 and x2 is D2 or HD. 
the ratio 
The "a" term in (Q+aQ') is 
Ionization cross-section of n2+ (or HD+) 
Ionization oross-seotion of N2o+ (or Co2+) 
From the values of ionization cross-sections for N2o+, C02 + and D2 + 
given by Rapp and Englander - Golden t 103) the values of "a" are 
a for N20/D2 (and HD) = 0.285 
a for co2/D2 (and HD) = 0.309 
for 70 eV electrons. 
0 
The overall reaction cross-section (QR) may be obto.ined from the 
slope of plots of overall ｰｨ･ｮｯｭ･ｮｯｾｬｯｧｩ｣｡ｬ＠ cross-section (Q + aQ') 
1 
against (1 E)-"2 shown in Figs9 4.12 a a.nd b. In order to obtain tho 
theoretical overall reaction cross-section the reaction cross-sections 
for the individual reactions were calculated from the equation for the 
phenomeno-.logical cross-section given by the Gioumousis-Stevenson theory 
2 1 1 Q ; 2ff (2m ｾ＠ e ＯｾＩＲＨＱＯ･＠ E 1)2 
1 
and the relationship QR = Q (E 1)2 
1 
i.e. QR :::. 2'1T (600 m lt e/!J.)2 
The symbols are those defined in the previous section. 
to be dimensionally correct ｾ＠ is in om3/molecule. 
ｾ＠ and m in grams 
. -10 
e in e.s.u. (4.8 x 10 ) 
For the ･ｾｵ｡ｴｩｯｮ＠
and the factor 300 is inserted to convert the ･ａｾ･ｲｩｭ･ｮｴ｡ｬ＠ units of E 
l . 2 ｾ＠(volts/em) to o.s.u./cm. The dimensions of QR are om eV2 (normally 
02 j_ ｾｩｳ＠ expressed in A eV2 ). The average polarizabilities ｾ＠ of the 
molecules N20, C02 and D2 (HD) used are those given by ｂｯｴｴ｣ｨ･ｾ＠ [ 101]. 
The theoretical overall reaction cross-sections (calculated from the 
individual reaction cross-sections), are compared ·with the 6A'Perimental 
overall reaction cross-sections in Table 4.6. 
It may be seen that good agreement between experiment and theory 
is obtained for the COzlD2 and ｃｏｾｈｄ＠ systems. It is worth pointing 
0 
out that the experimental value of QR fb r the co2/HD system is in good 
agreement with that obtained by Moran and Friedman [ 100] (118 and 108A2 
1 
ev2 respective1y) and is a check on the validity of the experimental 
228. 
Table 4.6 0Yerall Reaotion Cross-sections 
Reaction System Theoretical Experimental 
' ' Qo QR QR a.QR Qo R R 
co,jn2 106 57.5 17.8 124 118 
C02/HD 122 57.1 17.6 -140 118 
N20/D2 106 61.1 17.4 123 26.0 
N20/HD 122 60.9 17.4 139 27.1 
COz!'N20 1.0 4o5 for D2 
C02/N2o 
for HD 1.0 4.3 
Units oz i are .A eV2 
QR = cross-section for the reo.ction .AB+ + x2 ｾ＠ ABX+ + X 
ｑｾ＠ = cross-section for the reaction x2+ + AE ｾＭａｂｘＫ＠ +X 
Q·Ro-- ( ) QR + uQR_ , the overall cross-section for the two 
a = Ionization cross-section of x2: 
Ionization oro sa-section of .AB,+ 
AB = N2o or C02 
x2 = n2 or HD 
reactions. 
229e 
technique and ｴｾ｡｡ｴｭ･ｮｴ＠ of raaul ts used in this work. 
. ｾ＠
(:Moran and 
Friedman corrected their experimental cross-section of lOsA2 to allow 
for a ｳ･｣ｯｮ､｡ｾ＠ ion-molecule reaction which produced COH+ (and COD+) as 
a product. 
and HD+ o 
They showed that this was due to reactions involving CO+ 
0 1 
Their corrected cross-section was ＱＲＴＱｾ＠ eV2 for the co2+/HD+ 
reactions alone which is slightly higher than the overall value founa 
in this work). 
In the nitrous oxide system, however, the overall cross-sections 
Ｈ ｯｾＩ＠vR are ｭｾ｣ｨ＠ smaller than those predicted by theory. This is c ontra.ry 
t..o expectation since nitrous oxide has a permanent dipole moment and hence 
the reaction cross-sections would be expected to be larger than those 
predicted by the Gioumousis-Stevenson theory (vide, their paper ref. 91). 
The ratio of the cross-sections of the Co2 reactions to those of the N2o 
reactions is 4.4. This is similar to the vvlue of 3.5 found by Fehsen-
feld, Schmel tekopf and Ferguson [ 93] f '"'r the reactions 
and 
(ii) Inclividual Reaction Cross-Sections o.nd Rate Cons ta.nts: 
---
.' 
That two concurrent reactions are occurring in both the N2o and C02 
systems is clearly shown in Fig. 4.11. For the N2o case 
+ + N20 + D2 .. :) N20D + D 
+ + 
and D2 + N2o · -4 N20D + D 
i /i (reaction 3) = nD 1 Q 
s p 2 
(i +i' )/i (reactions 3 and 4) = nD 1 (Q + aQ') 
s .... s. p \ . 2 
i /i ｾ＠ (i + i ')/i = Q/(Q + aQ') 
s p s s p 
(3) 
(4) 
The experimental vel ue of [ i /i ｾ＠ ( i + i 1 )/i ] is o. 79 
s p 8 s p 
Q/(Q ｾ＠ aQ 1 ) = 0.79 
I 
.. l 
230. 
For a given set of conditions ｑｾ＠ ｾ＠ Ｈｾｨ･＠ reaction cross-section) and 
(Q + aQ)OC Q; (the overall reaction cross-section) and hence 
QR (N2o+ + D2) = 0.79 ｑｾ＠ (both reactions). 
0 Values for QR and QR' may therefore be calculated from the values of QR 
and a. The values of QR and Qn'.for the co2/D2 system are calculated 
in a similar manner; the value (i /i ｾ＠ (i +i ')/i] is 0.63 in this case. 
s p s s p 
Though no actual experiments were carried out to measure ( i/ip .;. (i8,+i8 ' ＩＯｾｰ｝＠
in the hydrogen deuteride reactions, approximate values for QR ｡ｮ､ｾＧ＠ may be 
obtained by assuming that the ratios [i /i ｾ＠ (i +i ')/i ] are the same as 
s p s s P· 
those for deuterium. The values for the individual reaction cross-sections? 
together with the theoretical values are given in Table 4.7. 
The bimolecular rate constant (k) may be obtained from the individual 
reaction cross-sectiqns ＨｾＩ＠ by using the relationship 
3 -1 -1 em molecule ·· sec 
with e in o.s.u. and min grams. The experimental rate constant may be 
compared with the one predicted by the Gioumousis-Stevenson theory which 
gives 
( !! Ｉｾ＠ 3 -1 -1 k = 2'11l3 ( r- ) em molecule sec 
with a\in om3 molecule-l ｡ｮ､ｾ＠ in grams. The experimental and theoretical 
rate constants for the individual reactions are shown in To.blo 4.7. 
It may be seen that the agreement between experiment and theory · is not 
as good as was obtained in comparing the overall ｣ｲｯｳｳｾｳ･｣ｴｩｯｮｳ＠ for the co2 
reactions in Table 4.6. If the interpretation of the variation of i /i 
s p 
ratios is correct (i.e. that the measured [ i /i ;. (i +i ')/i J ratio is 
s p s s p 
independent of gas pressure, repeller field and mixture cpmposition) it 
must be concluded that the agreement obtained by Moran and Friedman and 
in this work between experimental cross-section and theoretical cross-
231. 
Table 4. 7 Cross-sections an:l Rate Constants for 
. ,. 
Individual Reactions 
Reaction a Reaction Cross Section bBimolecular Rate Constant 
Exotlo Theon E:xptl .. Theorv ﾷＭ ｾ＠ .. 
+ C02 + D2 74.3 106 0.78 1.11 
+ D2 + C02 141 57.5 4.88 1.99 
+ C02 + HD 74 .. 3c 122 0.78 1.28 
+ HD + co2 141° 57.1 5.64 2.28 
+ N20 + D2 20.5 106 ＰｾＲＱ＠ 1.11 
+ D2 + N20 19.3 61.1 0.67 2.11 
+ N2o + HD 21.4° 122 0.22 1.28 
+ HD + N2o 20.0° 60.9 0.80 2.44 
+ C02 + ｄｾ＠ 3.7 
+ N20 + D2 
a U •t . 102 Ｂｴｾ＠ｮｾ＠ s J.n l ev-
b Units in 10-9 cm3 moleoule-l sec-l 
c These values were obtained by inference 
(see Discussion Section (ii) ) 
----------------- -------- - -
section for the ｃｏｾｄ Ｒ ＨｈｄＩ＠ system was fortuitous. (It can be seen in 
Table 4. 7 that whiist , the renotion cross-sectio11 for C02 + + HD is lower 
+ thnn theoretical prediction, the reaction cross-section for HD + Co2 is 
considerably highero The two effects approximately cancel in the cn.lcu-
This conclusion is a tentative one, based as it 
is on only one mixture (1:9 co2/D2) and one pressure; a more thorough 
investigation of the [i /i ｾ＠ (i +i ')/i] with different mixtures, 
S p S· S p 
pressure and repeller fields would be required to clarify the issue. 
Support for the above interpretation appears in Fehsenfeld et al's 
paper [ 93]. They studied the reactions (among others) 
+ .,. Co2 + H2 ﾷ ｾＭｾ ﾷ＠ C02H + H 
+ + and N2o + H2 ｾＭＭＭｪ＠ N20H + H 
in a pulsed-d.ischarge, flowing-afterglow reaction tube, a totally different 
environment from a mass spectrometer ion source. They obtained rate 
constants of 
k(Co2+ + H2) 1.4 x 10-9 cm3 
-1 -1 
= molecule sec 
k(N2o+ +.H2) 0.4 x 10-9 cm3 
-1 -1 
= molecule sec 
If one assumes th1 Gioumousis-Stevenson relationship that 
1 
k .0( (1/f.l)2 
the rate constants for the analagous deuterium reactions may be calculated 
1 
i.e. k(D2) = k(H2)a ＨｾｾｦＮｬｄ Ｒ ＩＲ＠
which gives values of 
)t10-9 
k(co2+ + D2) o. 73/..om3 
-1 -1 
= molecule sec 
and k(N2o+ + D2) 
ｾﾷＰＢＢＳ＠
-1 -1 
= 0. 21 Lorn molecule sec 
These compare ver,y favourably with values of 0.78 and 0.21 respectively 
obtained in the ｰｲ･ｾ･ｮｴ＠ work. 
+ ｾ＠ 3 Moran and Friedman's rate constant for co2 + HD of 1. 29 JC ,I o C..W\ 
-1 -1 
molecule sec depended on two assumptions: 
?33. 
a) that the ooncurre?t reaction HD+ + co2 occurred to only a smnll 
extent and its contribution to the overall reaction cross-section (Q;) 
was given by the ratio [aQ 1/(Q+nQ 1 )]. They calculated this from the 
theoretical reaction cross-sections for the individual reactions and 
from the ratio (a) of the relative ionization cross-sections for HD+ 
+ and co2 o 
b) that their cross-section for co2H+ formation fell short of the 
theoretical value because of an alternative reaction channel leading to 
CHO+. They estimated the extent of this reaction and obtained u total 
renction rate for the co2 + + HD reaction of 92% of the Gi ... ,•·UJousis-Stevenson 
value. 
Their first assumption relied on inspection of ionization efficiency 
They found that the curves 
for co2H+ and Co2+ were similo.r and differed. from the HD+ curve. They 
､･ｾｵ｣･､＠ that C02+ ions were the major ionic precursors of the co2H+ 
reaction product with relatively minor contributions from HD+ ions (as is-
predicted by theory). Jls can be seen f'rom Fig. 4.,11 the same effect is 
observed in both the ｃｏｾｄ Ｒ＠ and N20/D2 systems. However a ｳｴｵｾ＠ of the 
variation of 46/44 peak height ratios with electron energy shows con-
clusively that the D2+ + C02 (or N2o) reaction occurs to an appreciable 
extent. 
The values of the rate constants for the individual reactions of 
CO/D2 (HD) systems o.re not in good agreement with the G-S theory. It 
is felt that the agreement between overall experimental and theoretical 
cross-sections for COzlD2 (HD) systems obtained both in this work and 
in that of Moran and Friedman may be fortuitous. If this is the case 
then neither the N20/D2 system (which has rate constants much lower tho.n 
theoretical prediction) nor the coz!n2 system can be treated on purely 
electrostatic principles. 
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(iii) ｔ･ｮｴ｡ｴｩｾ･＠ ｅｸｰｬ｡ｮｮｴｩｯｾｾＺ＠
. ＮＮｾｾ＠
The ana.lys.j.s of ｲ･ｾｵｬｴｳ＠ obtmned in the stuay of ion .. moleoule 
reD.ctions in the N20/hy'c1rogen and CO/hydrogen systems hns raised points 
which require further investigntiono ｐｲｯ｢ｾ･ｭｳ＠ requiring explanation are: 
a) the observed discrepancy between the rates of reaction involving 
N2o and D2 (HD) and those predicted by theory" 
b) the apparent anomaly between the good agreement with theory 
obtained for the overallreaction cross-sections of reactions in co2/D2 
and HD systems and the poor agreement with theory of the reaction cross-
sections of the individual ｲｾ｡｣ｴｩｯｮｳＮ＠
The follovdng explanations are provided as guidelines for possible 
further research. The symbol H2 is truten in the following discussion 
as referring to all the isotopic species of hydrogen. 
a) Ji2-Q Ion .. ｍｯｬｾ｣ Ｎ ｵｬ･ Ｎ ｾｒｾ｡｣Ｍｇｾｱｮｳ＠
The average ｰｯｬｵＺｾＺﾷｩｺ｡｢ｩｬｩ＠ ty of N2o is higher than tha.t of Co2 
(3.00 and 2.65 A3 respectively). Furthermore, nitrous oxide has a 
permanent dipole moment which would have the effect of increasing the 
ion.molecule interaction and thus giving cross-sections higher than those 
predicted by the Gioumousis-Stevenson theory. ｉｯｮｾｭｯｬ･｣ｵｬ･＠ reactions 
between nitrous oxide and H2 would therefore be expected to occur nt a 
faster rate than the analagous C02 reactions. The converse is found 
to be true. The rates of N2o reactions n.re found to be substantially 
lower than those predicted both by theory and the ana.lagous Co2 reactions. 
It has been demonstrated by Reuben [ 1081 that the heat of formation 
of the co2H+ ion in its linear form (O=C=O+H) is at least 40 kcal lower 
than 6Hr for a pyramidal complex (H-C-0)., He obtained this value from 
I+ 
0 
the appearance potentials of co2H+ from acetic acid and formic acid (in 
both of which the co2H+ ion would be expected to be linear), end from 
ｾ Ｎ ＳＵＮ＠
1. 
methyl formate (wRdoh would be expected to yield a pyramidal co2H+ ion). 
The appearance'potentials and heats of formation of co2H+ obtained by 
Reuben exe shown in Table 4.8. If it is assumed in the light of 
Reuben's findings for co2H+ that N2oH+ is also linear (there is in-
sufficient thermochemical data to obtain values for Ｉｾｈｦ＠ N20H+), on 
purely qualitative grounds it might be expected that the rate of reaction 
between N2o+ and H2 (and H2 + + N20) would be one half that for C02 • This 
conclusion mo.y be visualized by considering that hydrogen can only attach 
itself to the oxygen in N20Jthus the orientations 
(NNO)+ ---... - ... H2 
and H + ------ ONN 2 
would lead to reaction whereas the orientations 
and 
(ONN)+ 
H+ 
2 
------ H2 
--·---- NNO 
would nota In co2 reactions both orientations are equivalent. 
argument may be thought of as introducing a steric factor analagous to 
This 
the P fnotor in the collision theory of neutral-neutral reactions. How-
ever this simple explanation would only reduce the rate to half that of 
the C02 reactions, whereas the ･ｸｰ･ｲｾｭ･ｮｴ｡ｬ＠ ratio is less than a quarter. 
\ 
An alternative approach is to consider the possibility of ldnetic 
energy - internal energy transfer in the transition complex before it 
breaks up. The transition complex may be considered to lie in a 
potential well in the saddle surface which defines the activated complex. 
The diagram shown below is a simple illustration of the point. 
ｾ･ｲｾ＠ l 
Reactants Products 
-Reaction Co-ordinate ' ) 
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Table 4. 8 .Appearance Potentials and Heats of Formation 
of co2H+ (ex Reuben [ 108]) 
formic acicl 12.2 to 12.5 156 
H-C-0 
I+ 
0 
O::::C=O+H 
ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ Ｍ ＭＭＭＭＭ
ｾｔｨ･＠ discrepancy between ｾｈｦ＠ from acetic and formic acids 
+ . is probably due to the COOH from acetic acid being formed 
with excess kinetic energy as would be expected on the basis 
of Stevenson's Rule r106]. 
Table 4. 9 Pola.rizabili ties (ex Bottcher [ 101] ) • 
-
Molecule q. 1 Ct· 2 a, 3 a/ (average) 
::#ULS= ... ｾｾｾｾｾ Ｍ ｾ＠
H 0.55 ,A3 o .. 96 K3 03 o.832 K3 2 0.96 A 
C02 4.10 1.93 lo93 2.65 
N2o 5.10 1.9 1.9 3.0 
ｾｾ ＮＮＭ ｾｾｾｾ＠
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Products wi11 ｯｾｬｹ＠ be formed if the transition complex possesses 
sufficient energy to surmount the potential barrier (B)o IT more 
than this energy is available as internal energy in the reactants 
then for all practical purposes the reaction is 11 down-hill" and will 
proceed at every collision. If conversion of kinetic to internal 
energy is required, then the process is "up-hill" with a high proba-
bili ty of reflection ba.ck onto tho valley. Consequently, processes 
which require kinetic to internal energy transfer would be ･ｾＱ･｣ｴ･､＠
to have much smaller reaction cross-sections (vide Friedman p.97 of 
Ref. 71). 
A criterion for invoking the necessity for kinetic-internal energy 
transfer in an ion .... molecule reaction ho.s been shown by Klein and Friedman 
[ 104] to be the observation of a maximum in the plot of isotope ratio 
(kn(kD) against ion energy for reactions involving HDo 
Friedman observed such maxima in the reactions 
HD+ + He 
o.nd + HD + Ne 
IG.ein o.nd 
and showed by theoretical calculation that these could only be accounted 
for by assuming that kinetic-internal energy transfer was o. prerequisite 
for reactiono 
ro.tio against ion energy for the reaction system N20/HD (Fig. 1.1-. 8), ｷｨ･ｲ･｡ｾ＠
no maximum is observed in the co2/HD ｾｹｳｴ･ｭ＠ which is shown to be in quali-
tative agreement with the isotope effect observed by Moren and Friedman. 
Even if it were feasible to calculate the potential energy surfnoe for 
the ｎ Ｒ Ｐｈｾ＠ transition complex the do.to. in Fig. 4.8 are so scattered that 
quantitative prediction woulc1 be impossible o One may only say that there 
is some support for the conclusion that the formation of N2oH+ product 
ion from the N2oH2+ trnnsition state requires kinetic-internal ｇｮｾｲｧｹ＠ transfer 
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If this is the 
case it would· be an explrn1ation why the N20/H2 reactions are much slower 
than the co2/H2 renot;io;ns. 
b) ｃｏｾｈ Ｒ ﾷＭ Ion ....Molecule Reactions: 
It was pointed out in Section (ii) of this discussion that Moran 
and Friedman's agreement between their experimental rate constant for 
co2+ + HD and that predicted by theory (and indeed agreement in this 
work between the experimental and theoretical values for ｑｾＩ＠ may be 
fortuitous. 
The Gioumousis-Stevenson theory treats the neutral molecule as though 
it had isotropiopolarizability. For a linear molecule ｴｨ･ ﾷ ｰｯｬ｡ｲｩｺ｡｢ｩｬｩｾ＠
mo.y be considered to be made up of three ortho.gonal components, one (q/ 1 ) 
along the molecular axis and two Ｈｾ＠ Ｒ Ｌｾ＠ 3) at right angles to the axis. 
It is standard practice in the theoretical treatment of ｩｯｮｾｭｯｬ･｣ｵｬ･＠
reactions to consider only the average polarizability (ioe.G Ｑ Ｋｾ＠ Ｒ Ｋｾ Ｓ ＯＳＩ＠
of the molecule. Table 4.9 shows that the three polarizability tensors 
can differ by appreciable amounts. 
CO + + H ---;_,.. CO H+ + H 2 2 2 
+ + H2 + ｃｯ Ｒ ＭＭﾷｾ＿ＮＧ＠ C02H + H 
and assume that the orientations 
co + 
2 
and H2+ 
H-R 
0- c - 0 
If we consider the two reactions 
are preferred then it is possible tho.t the axial polarizability tensor 
\ . Ｈｾ Ｚ＠ 1 ) of the neutral molecule is the one that plays the major part in 
determining the reaction cross-section. The effect of using ｯｮｬｹｾ＠ 1 
in calculating the theoretical cross-sections on those given in Table 4.7 
(these values of QR were calculated from the average polarizability) will 
now be considered. 
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For the reaotiol,:). co2 + + H2 it can be seen that a. 1 (H2) is smo.ller 
than the average value and therefore the reaction cross-section would be 
expected to be smaller than that given by the theoretical ｾ＠ ( a average). 
This is indee_d the case and QR experimental is smaller than the theoretical 
02 1 + 
value (74.3 of 106 A eV2 ). The theoretical cross-section (for co2 + D2 ) 
may be modified to allow for the smaller value of a. 1 of a average. 
i 
QR ( ci 1 ) = QR ( ct. average) (a. /a. average )2 
= 106 
1 (.Q:,.2?.)2 
(0.83') 
= 86o3 A} 
This compares moderately well with the experimental value of 74.3 f3· 
+ The theoretical cross-section for the reaction D2 + Co2 may be 
treated in a similar way. In this case a, 1 (Co2 ) is larger than a.· ' 
average and. hence, in agreement with experiment, the reaction cross-section 
would be expected to be larger than the value of QR 1 ( :<i average). The 
modified value of QR' ｾ＠ 7lo9A2 is still smaller than the observed value 
of m. 
It is obvious that some regard should be paid to the non-isotropic 
\ 
polarizability of molecules though it is clifficult to say how much 
attention should be paid to the concept of "preferred" orientations. 
Indeed it is difficult to say whether orientation of molecules has any 
meaning in the treatment of ion-molecule collisions where the reactant 
ion is imagined as entering into a spiral orbit around the molecule if 
a reactive collision is to tclce place. 
(iv) Summary: 
Ion molecule reactions in N20/H2, HD and D2, and ｃｏｾｄ Ｒ＠ and HD 
systems have been studied in a. ｾ｡ｳｳ＠ spectrometer ion sourceo It has 
been shown tha.t two concurrent ion-molecule reactions take place in each 
240. 
ｳｹｳｴ･ｭｾ＠ The reactions obey the theoretical linear dependence of 
1 
phenomeno .. logical cross-section on (ion ･ｮ･ｲｧｹＩｾｯ＠ The overall 
reaction cross-sections ｾｯｲ＠ co2/D2 ·and Hp. systems are in agreement with 
those predicted by the Gioumousis-Stevenson theory (Table 4.6). The re-
action cross-sections and bimolecular rate constants for the individual 
reactions 
ａｂｾ＠ + X2-7 .ABX+ + X 
+ + 
and X2 + Jill' ---7 .ABX + X 
where Ｑｾ＠ = co2 or N2o and x2 = n2 or HD, have been obtained and compared 
with theory (Table 4.7). 
Reactions involving N2o and H2 (HD1 D2) have reaction cross-sections 
much smaller than predicted by the Giownousis-Stevenson theory. It is 
tentatively suggested that these reactions require kinetic-internal energy 
transfer in the transition state. This conclusion is based on the 
appearance of a maximum in the plot of the ratio of N20H+/N2oD+ against 
ion energy. 
The poor agreement between ･ａｾ･ｲｩｭ･ｮｴ＠ and theory in the rate constants 
for the individual reactions in the co2/D2 (HD) systems contrasts with the 
good agreement obtai ned between the overall reaction cross-sections. It 
is tentatively concluded that the ｮｯｮＭｩｳｯｾｯｰｩ｣｣ｨ｡ｲ｡｣ｴ･ｲ＠ of the polariza-
bility of the neutral molecule and possibly the orientations of the reactants 
should be taken into account. 
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ABSTRACT 
The work in this thesis deals with some aspects of the simple 
molecule, nitrous oxide. It is convenient to divide the work into 
four parts: 
(i) Oxidation of Hydrogen in Nitrous Oxide 
The reaction, in a static system, was followed by measuring N2o 
0 
concentration by its ｡｢ｳｾｲｰｴｩｯｮ＠ at 2200 A. It was found that in the 
region of ,560°C tha ｲ･ｮ Ｎ ｾＭｴｬｯｮ＠ rate was between 500 and 1000 times as 
fast as N2o decomposition. The reaction may be considered in two parts; 
ｾＩ＠ a "high" pressure reaction which occurs at total pressures greater 
than 100 mm Hg and whose initial rate is given by: 
Initial rate(mm ｈｧＯｭｩｮＩ］ｬＮＳＷﾱＰＮＰＵｸｬＰ ＱＵ ･ｸｰＨＭＶＲＮＵｾＮｬＯｒｔＩＮＨｎ Ｒ ｯ｝｛ｈ Ｒ ｝ Ｐ • Ｒ Ｕ＠
where [ N20] and [ H2] represents the pressure of N20 and H2 in mm Hg; 
2) a "low" ｰｲ･ｳｳｵＮｾ･＠ reaction which occurs at toteJ. pressures less 
than 60 mm Hg and whcse initial rate is given by: 
Initial rate(illlli ｈｧＯｭｩｮＩ］ＸＮＲＶﾱＰＮＳＰｸｬＰ Ｑ Ｓ･ｸｰＨＭＶＲＮＵﾱＲＮＱＯｒｔＩ｛ｎ Ｒ ｯ｝ｾ＠
The change from first tc second order in ni tl"'Ous oxide is caused 
by a change from gas phase chain termination (steps 5,6,7, below) to 
wall termination of the hydrogen atom chein carriers (step 8). The 
addition of inert gases ＨｾＰ Ｒ＠ and CF4) extends the first order region to 
lower pressures. 
To account for the fact that the observed rate of reaction is 
at least 100 times slower ｴｨｾＱ＠ that computed using known reactions and 
rate ｣ｯｮｳｴ｡ｮｴｾ＠ nn ｯｾｧ･ｮ＠ atom termination reaction, hitherto unreported, 
was added to the reaction mechanism. 
(9) 
A tentative value for the rate constant for this reaction was derived. 
k9 = 3.9 x lo-
31 exp(+4.5±2.0/RT) cm6 molecule-2 ｳ･｣Ｍ Ｑ ｾ＠
The reaction mechanism proposed is 
NO 2 ｾ＠ N2+0 
0+H2+M ｾ＠ H20+M 
O-rH2 --40H+H 
H+N20 )N2+0H 
OH+H2 ｾｈ Ｒ ＰＫｈ＠
H+H+M -4H2+M 
H+OH+M ｾＮｈ Ｒ ＰＫｍ＠
OH+OH+.M ｾ＠ H202+M 
or i(H20+02) 
-4-Wall 
247. 
(1) 
(9) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
Nitric oxide inhibits the reaction and this effect is attributed to 
termination of the H and OH chain carriers by reaction with NO, rather 
than by o:xygen atom removal. ｏｾｧ･ｮ＠ catalyses the reaction in the 
initial stages but ou.uses pronounced inhibition in the later stages. 
The initial catalysis is a result of the chain branching process H+02--? 
OH+O and it is suggested that the inhibition is due to the formation of 
small amounts of nitric oxide (0.2 to 0.3%). "An explanation is suggested · 
for the minima in explosion limit vs temperature curves observed by workers 
investigating the explosive N20/H2 reaction. A small isotope effect is 
noticed when hydrogen is replaoecl by deuterium (kJI'ltD ｾ＠ 2) which approaches 
unity at low pressures. 
(ii) Oxidation of Carbon Monoxide iaj!itrous Oxide 
The N20/CO reaction at 700°C proceeds at about three times the 
rate of N20 decomposition. It is accompanied by a blue chemiluminescence 
and the formation of small amounts of ｯｾｧ･ｮＮ＠ The reaction was followed 
by measuring N2o pressure spectroscopicallY, the production of ｯｾｧ･ｮ＠
0 
manometrically and the intensity of the chemiluminescence at 4500 A. 
...- ·· 
The reaction is first order in N20 and about 0.3 order in CO and 
has an activation energy of 59.7 ± 1.5 kcal. It is suggested that the 
increase in rate relative to the N20 decomposition is a result of water 
in lO's p.p.m. quantities initiating H nnd OH radical propagated reaction 
chains .. The reaction is considered on tbe basis of CO, N2o and H2o 
competing for ｯｾｧ･ｮ＠ atoms made available by the decomposition of N2o and 
the proposed mechanism is: 
"dry" 
ｾ＠ 0+H20 ｏｈｾｾﾷｃｏ＠
ｾｴｷ･ｴＢ＠ ｾ＠ H+N2o ( 
( Hand OH 
( .O+N2o ( 
"O production" ( O+NO+M 2 ( 
( 0+N02 
In the system studied 
--->·20H 
-----? C02+H 
---4- N2+0H 
----}termination 
--t2NO 
--t N02+M 
ｾｎＰＫＰ Ｒ＠
(H2o < 0.01%) it is 
(1) 
(2) 
(3) 
(4.)' 
(8) 
(9) 
(10) 
(11) 
(6b) 
(6c) 
(6d) 
suggested that the "wet" 
reaction contributed approximately 3/4 of the co2 produced. It was found 
that the amount of oxygen formed varied from 0 to nbout 5% total reaction 
depending upon conditions Ｈｯｾｧ･ｮ＠ formation was favoured by high pressure 
and excess N2o in the reaction mixture)o It was concluded that o:xygon 
atom reaction with NO and N02 (reactions 6c and d) were rate determining 
for o2 formation. 
The chemiluminescence observed was found to be inversely proportional 
to total pressure ru1d arises from radiation from electronically excited 
249. 
co2 in the 
1B2 state to the ground electronic state. The rate constant 
1 for the collisional deactivation of B2 co2 has been shown to depend on 
the composition of reaction mixture and it was concluded tl1at CO is a 
more efficient third boqy than N2o. The ratio of the rates of radiative 
deactivation (3) to non-radiative doactivation (4) of 1B2 is of the order 
of unity. 
(iii) Temperature Dependence of the Absorption of N2o in the ｑｵ｡ｲｾｺ＠ ｕｬｴｲ｡Ｍｖｾｯ＠
0 
The continuous absorption of nitrous oxide between 1900 and 2800 A 
has been studied from 20 to 680°Co The absorption coefficient, at any 
given wavelength, increases exponentially with temperature leading to 
apparent nctivation energies. It is proposed that the continuum is due 
to transitions from bending vibrationally excited ground state molecules 
to a bent repulsive upper stnteo It is suggested that the uprer state is 
a 1A' state correlo:t.\.ng 1d th a 1B2 state of the isoelectronic co2 molecule. 
A small portion of the ｵｾｰ･ｲ＠ potential energy curve is derived. The 
excited 1..t1' state of N2o is compared with the 
2 A1 ground state of ｎｐＲｾ＠ . 
(The 1A' state of N2o only differs from the 
2A1 state of No2 in that it 
has only one instead of two electrons in the penultimate (in energy) 
orbital]. From this comparison and the published data on the 1B2 state 
. 1 
of C02 it is suggested that the A' state of N2o has a bond angle lying 
between 122° and 134° and that 'the energy required to straighten it is 
-1 between 22,000 and 101 000 om • 
(iv) Ion-Molecule Reactions in ｎｾｾｳｴ･ｭ＠
- v! Ion-Molecule Reactions in N20/H2, HD and n2, and COzlD2 and HD systems 
have been studied in a mass spectrometer ion source. It was shown that 
two concurrent ion-molecule reactions truce place in each system. The 
reactions obey the theoretical lineAr dependence of phenomenological 
1 
cross-section on (ion ･ｮ･ｲｧｹＩｾｯ＠ The reaction cross-sections and 
250. 
bimolecular rate constants for the individual reactions 
.AB + + x
2 
---+ABX+ + X 
X + + AB' ----+1-illX+ + X 2 
where AB =Co2 or N20 and X2·= D2 or HD, were obtained and compared 
with theory .. 
It was found that the overall reaction cross-sections for co2/D2 
and HD systems (i.e. the sum of both reactions) are in agreement with 
those predicted by the Gioumousis-Stevenson theoryo The cross-sections 
for the analagous N2o systems were found to be much smaller than predicted 
by the G-S theory. It is ｴ･ｮｾｯＮｴｩｶ･ｬｹ＠ suggested, on the basis of .the study 
of the intramolecular isotope effect in N20/HD systems, that the N2o 
reactions require kinetic-internal energy transfer in the transition state 
before reaction can occur. 
In contrast to the good egreement of the overall reo.ction cross-
sections with .theo::y in the C02 sys·tems, it was found tha·t the values for 
the indi vidueJ. reo.ntion oro ss-sections did not agree with th0ory D It was 
tentatively concluded that the non-isotropic character of the polarizability 
of the neutral molecule and pc;Ba.ib.ly tho ori(Jntntions of the reactants 
should be taken into account. 
ｾＵＱ＠ • 
.APPENDICES 
APPENDIX 1.1 
Summary of Runs for the ｎ Ｒ ｾ Ｒ＠ Reaction. 
Headings used: N20 = initial pressure of N2o, mm Hg. 
H2 = initial pressure of ｈ Ｒ ｾ＠ rom Hg. 
R = initial Rate, mm Hg/min. 
i) Runs at 600°C. 
Run N20 H2 R 
33 ｾＵＴ＠ None 3.8 X 10-3 
34 173 102 156.0 
3.5 l27 JL02 120.0 
36 84 102 57.6 
37 99 102 91.8 
38 61 101 51.0 
39 160 204 192,0 
40 114 203 126.0 
41 79 204 72.6 
42 ,::q ./ .. 203 64.8 
43 39 204 40.2 
41+ 102 51 97.8 
45 76 51 64.2 
46 50 51 37.8 
47 29 51 21.6 
48 15 51 13.8 
48a 58 51 34.2 
49 71 25 52.8 
50 40 25 27.0 
51 25 26 16.8 
52 15 26 7.2 
53 198 153 222.0 
54 138 153 132.0 
55 93 153 85.8 
56 65 153 72.6 
57 46 153 47.4 
58 92 201 67.2 
59 92 100 75.0 
60 92 50 64.8 
61 92 26 58.8 
62 91 12 49.2 
63 ｾ＠ 200 25.2 
64 4J. 103 30.0 
65 4J. 50 27.6 
66 41 25 21.0 
67 41 12 18.6 
253, 
ii) "Normal" Runs at 560°C 
Run N20 H2 R 
68 201 102 37.5 
69 129 101 25.0 
70 80 101 15 .. 0 
71 50 101 9.5 
72 30 102 4..5 
73 240 205 58.8 
74 169 205 37.8 
75 121 205 25.8 
76 92 205 18.0 
77 4B 205 10.8 
78 99 51 15.0 
79 71 51 9.0 
80 49 51 5.5 
81 25 51 2.4 
82 11 51 0.5 
83 70 25 10.2 
84 40 25 4.1 
85 25 25 2.4 
86 10 25 1.8 5 
87 151 None 7.5 X 10-
88 248 155 46.2 
89 ｝Ｚｾﾷｊ＠ 153 33.6 
90 112 153 18.0 
91 8J 153 12.6 
92 49 153 8.4 
93 204 300 40.2 
94 205 200 35.4 
95 205 98 34.0 
96 205 50 26.6 
97 103 201 21.0 
98 102 152 17.5 
99 102 98 14.5 
100 102 43 13.5 
107 93 4J.l 16.0 
108 65 441 9.8 
109 39 464 6.0 
112 126 126 27.8 
113 91 92 19.3 
114 62 63 11.9 
115 41+ 44 6.4 
116 22 23 1.9 
117 14 14 0.5 
118 99 304 19.0 
119 61 191 12 •. 0 
120 34 115 5.9 
121 19 62 1.9 
122 11 4D o.6 
123 15 5 0.2 
124. 37 12 3.5 
125 74 25 9.4 
254. 
Run N2o H2 R 
126 227 77 25.4 
127 128 43 15.6 
152 10 39 0.3 
153 15 41 0.8 
154 21 40 1.6 
155 10 29 0.4 
156 14 31 1.1 
157 20 31 -1.5 
158 25 31 2.9 
159 32 31 3.1 
160 9 19 o.6 
161 15 20 0.9 
162 21 20 2.6 
163 29 20 3.1 
164 39 20 4.4 
165 11 11 0.4 
166 15 10 0.7 
167 20 10 0.9 
168 27 10 2.1 
169 38 10 4.7 
170 15 43 1.3 
171 21 32 2.4 
172 21 20 1.9 
173 ') ' t . . .. , 10 2.0 
174 30 30 3.0 
175 30 25 2.8 
176 30 20 2.7 
177 31 15 2.6 
178 30 9 2.5 
179 21 40 1.5 
180 20 29 1.5 
181 21 21 1"6 
182 20 15 1.7 
183 20 10, 1.5 
184 40 20 4.3 
185 4J. 15 3.9 
186 4l 10 4.0 
187 10 40 o.6 
188 10 26 0.6 
189 10 20 0.5 
190 10 15 0.5 
191 10 10 0.3 
192 40 41 4.8 
193 30 30 3.5 
194 19 19 1.3 
195 13 14 0.8 
196 9 10 0.4 
X . 197 46 47 7.1 
X. 198 34 35 6.0 
X 199 24 2.5 5.1 
X 200 14 15 2.7 
X 201 10 ll 0.6 
202 25 25 2.2 
203 15 15 1.7 
204 9 9 0.4 
x Runs void as air had entered mixture. 
iii) Effect of Inert Gases 
Run N2o H2 %Gas Added R 
]28 1.4 13 None 0.6 
129 22 21 n 2.,2 
130 42 42 tl 5.2 
133 62 61 It 7.6 
132 91 89 " 13.2 131 127 125 
" 
27.2 
ｾ＠ ｾ＠ ｾ＠ ｾ＠ - ｾ＠ - ｾ＠ - - - ｾ＠ - ｾ＠ ｾ＠ - ｾ＠ ｾ＠ ｾ＠ ｾ＠ ｾ＠ - ｾ＠ ｾ＠ - ｾ＠ ｾ＠ - ｾ＠ ｾ＠ ｾ＠
139 14 13 49.5% C02 1.0 138 22 21 11 2.7 
137 43 42 n 6.3 
136 62 61 
" 7-5 135 92 90 II 17.2 
134 128 126 " 25.4 
- - ｾ＠ - - ｾ＠ - ｾ＠ ｾ＠ ｾ＠ - - - ｾ＠ - ｾ＠ - ｾ＠ ｾ＠ ｾ＠ - - - - ｾ＠ ｾ＠ ｾ＠ ｾ＠ - ｾ＠ -
145 13 13 50% CF4 1.6 144 21 21 tl 4.9 
143 43 43 " 10.9 142 60 60 n 14.4 
14J. 90 90 
" 19.4 140 124 124 u 33.5 
iv) Isotope Ef'fec··;E; 
Run N2o H2 or n2 R kifkD 
296 151 151 23.1 ｾ＠ 1.59 
297 151 151+ 14.8 
298 111 111 14.2 ｾ＠ 1.59 
299 ll.O 111+ 9.2 
300 76 76+ 11.0 ｾ＠ 1.59 
301 75 76 6.8 
302 50 50 7.9 ｾ＠ 1.37 303 50 so+ s.o 
304 30 30 3.4 ｾ＠ 1.59 305 30 30+ 2.2 
306 15 15+ 1.2 ｾ＠ 1.59 307 15 15 0.7 
ｾ＠ ｾ＠ ｾ＠ ｾ＠ - - - ｾ＠ - - ｾ＠ ｾ＠ - - ｾ＠ ｾ＠ ｾ＠ - - ｾ＠ ｾ＠ - ｾ＠ - - ｾ＠ ｾ＠ - ｾ＠ - -
308 111 332+ 20•0 ｾ＠ 1.24 309 110 328 12.5 
310 75 226 11.5 ｾ＠ 1.45 311 76 225+ 9.0 
312 50 150+ 6.9 ｾ＠ 1.25 313 50 150 5.6 
....-------------------·- · -·-·--··-- · .... . . 
l krfkn Run N2o H2 or D2 R 
314 30 90 4.0 ) 1.24 
31.5 30 90+ 2.7) 
316 15 45+ 0.8 ｾ＠ 1.33 317 15 4.5 0.6 
ｾｾＭＭｾｾｾＭＭｾＭＭｾＭＭＭｾｾｾＭｾｾＭＭＭｾＭＭＭＭｾ＠
310 ｾＵＰ＠ 50 20.0 ｾ＠ 1.54 
319 150 50+ 12.6 
320 110 37+ 15.8 ｾ＠ 1.54 
321 110 37 10.1 
322 74 25+ 7.8 ) 1.54 
323 75 25 7.4 ) 
324 50 17 7.1 ｾ＠ ＱｾＱＱ＠325 50 17+ 5.9 
326 30 10 2.0 ｾ＠ 1.09 327 30 10+ 1.7 
328 15 5+ o.6 ｾ＠ 1.0 329 15 5 0.6 
- - - - - - - - - - - - - - - - - - - - - - - - - - --- - -
330 150 150 24.7 ｾ＠ 1.70 33l. 151 150+ 13.9 
332 75 75+ 9.9 ｾ＠ 1 .. 75 333 75 74 5.4 
33ll- 30 30 2.5 ｾ＠ 1.64 335 30 30+ 1.9 
+ pressure refers to deuterium 
v) Effeot of Oxygen (summarized in Figs. 1.16a and b) 
Run N2o H2 % 02 % H2o R 
235 51 51 None None 5.5 
236 15 15 " II 0&9 237 50 50 0.4 It 9.6 
238 16 15 0.4 II 1.4 
239 51 50 0.9 tl 
240 15 15 0.9 " 2LJ1 51 50 1.7 " 242 15 15 1.7 
" 243 51 51 2.4 
" 244 15 15 2.4 It 
245 51 51 4.1 tt Explodes 
246 15 15 4.1 " EX'.t>1odes 
291 50 50 Nona None 
292 47 47 n 6 
293 49 49 1.8 None 
294 47 47 1.7 20 
295 45 45 1.9 8 
257. 
vi) Effect of Nitric Oxide 
Run N2o Hz %NO R k cJlr. N ｮｯｲｭ｡ｾ＠
146 101 101 None 17.6 Not measured 
147 100 101 0.2 ＱＰｾＸ＠ n 
148 102 101 0.4 s.o It 
149 98 99 1.0 2 .. 8 " 
150 102 102 2.3 1.6 " 151 99 100 s.o 0.8 " _____ ..,.._ ... 
.,..._ .......... _ ........ -- _ ... _ --- ....,. __ ----.-
247 100 100 None ｾ＠ 18.0 ｾ＠ 1 
248 100 100 None 
249 100 100 0.5 ｾ＠ 3-3 ｾ＠ 0.21 250 100 100 o.s 
251 100 99 1.0 ) 2.3 ｾ＠ 0.14 
252 101 99 1.0 ) 
253 100 98 2. 0 ｾ＠ 1.7 ) 0.10 
254 100 98 2.0 ) 
255 101 100 3·5 ) 1.5 ｾ＠ 0.09 
256 101 100 3.5 ) 
257 101 100 5.3 ) 1.3 ｾ＠ o.o8 
258 100 100 5.3 ) 
- - - - - - - - - ｾﾷ＠ - - - - - - - - - - - - - - - - - ... - ... ｾ＠
265) 149 50 None ｾ＠ 20.3 ｾ＠ l 266 151 00 None 
267 151 51 o.6 ｾ＠ 4.5 ｾ＠ 0.19 268 150 51 0.6 
269 151 50 1.1 ｾ＠ 4.1 ｾ＠ 0.17 
270 151 50 1.1 
271 150 50 2.0 ｾ＠ 3.0 ｾ＠ 0.11 
272 151 50 2.0 
273 150 50 3.4 ) 2.6 ｾ＠ 0.09 
274 151 50 3.4 ) 
275 151 50 5.4 ｾ＠ 2.4 ｾ＠ o.os 
276 150 50 5.4 
- ｾ＠ - ｾ＠ ｾ＠ ｾ＠ - ｾ＠ ｾ＠ - - ｾ＠ ｾ＠ - - - ｾ＠ - - - - - - - ｾ＠ - - - ｾ＠ ｾ＠ -
277 so 149 None ｾ＠ 7.8 ｾ＠ 1 
278 50 149 None 
281 50 151 1.2 ) 0.7 ｾ＠ 0.10 
282 50 151 1.2 ) 
283 50 149 2.2 ｾ＠ 0.6 ｾ＠ 0.07 
284 50 149 2 .. 2 
235 50 148 0.5 ｾ＠ 1.1 ｾ＠ 0.16 
286 so 148 0.5 
287 50 ＱｾＹ＠ 3.5 ｾ＠ o.s ｾ＠ 0.06 288 50 150 3.5 
289 51 1.50 
.5.3 ｾ＠ 0.6 ｾ＠ o.os 
290 51 150 .5 • .3 
2,58. 
vii) Acti vo.tion. Energy Runs 
Run N20 H2 R k/ks6o Temperature 
205 50 150 5.1 0.64 l 206 101 99 13.1 0.76 207 15 15 0.5 0.72 550°C 208 22 7 1-.2 0.54 209 1.50 50 18.8 0.65 
ｾ＠ ｾ＠ - ｾ＠ - - ｾ＠ ｾ＠ - - - - - ｾ＠ - - - - ｾ＠ ｾ＠ ｾ＠ - ｾ＠ - ｾ＠ ｾ＠ ｾ＠ - ｾ＠ ｾ＠ -
210 51 151 30.0 3.62 l 211 100 99 75.5 4.97 212 15 15 3.4 3.40 593°C 213 22 7 6.2 4.,411-214 152 50 140.0 3.81 
215 51 149 15.8 2 .. 14 ) 
216 100 100 39.7 1.07 l 217 15 15 2.7 2 .. 90 580°C 218 22 8 3·3 2.05 21.9 152 51 59.6 2.93 
220 51 151 12.0 1.4J. ) 
221 101 101 21.0 1.25 ) 
222 15 15 1.4 1.15 ｾ＠ 570°C 223 23 [3 2.,1 1.43 224 151 .5J.. 27e8 1.29 
225 50 .i.5J. 4.2 0.42 ｾ＠226 101 J.Ol 7.2 0.44 
227 15 15 0.4 0.37 ｾ＠ 540°C 228 23 8 0.7 0.35 229 150 50 11.8 0.39 
230 51 150 8.2 1.0 l 23.1 101 101 18.4 1.0 232 15 15 0.9 1.0 560°C 233 22 7 1.3 1.0 234 151 50 20.5 1.0 
Ｚａｾｾｾ＠
------------------------------. --·-···· ..... 
Pressure 
of N20 
p 
t 
2.5911! 
.APPENDIX 1. 2 
Determination of Relative Rate Constants 
t A 
Time 
The figure represents two reaction curves with reaction B slower 
than reaction A (due to substitution of deuterium for hydrogen, reduc-
tion in temperature, addition of an inhibitor etc.)o The time 
(e.g. tA and tB) tcl{en for both reactions to reach the same stage of 
completion (eg. Pt) is recorded over the whole reaction ｣ｴｾｶ･Ｎ＠ A 
plot of the values of tA v.s. the values of tB will be a straight line 
if curves Ｑ ｾ＠ and B are the same shape (i.e. are congruent, meo.ning that 
both reactions obey the same form of rate equation). 
The slope of the line of t .A v. s. tB is the ratio of the overall 
ro.te constants for the reactions (e.g. kr/k ,) o 
i ... 
.AFi:)ENDIX 2., 1 
Summary ｯｾ＠ Runs for N20/CO Reaction 
Eeadings used: N2o = Initial nitrous oxide pressure, mm Hg. 
i) Effect 
Run 
1 
2 
3 
4 
5 
5 
7 
8 
9 
10 
11 
12 
13 
-14-
15 
16 
17 
18 
CO = Ini t:1.al carbon Llonoxide pressure, nun ｈｧｾ＠
RoN2o = Initial rate ｯｾ＠ N2o removal, mm Hg/min. 
R.o2 = Initial rate ｯｾ＠ OS production, mm Hg/min 
G = Initial glow, 10- amp units 
IG/CO = (Integral glow)/(Rate of co2 formution)lo-
0
amp.min2/mm.Hg 
of H2o. 
N20 co % H2o 
202 202 None 
132 132 " 80 80 n 
50 50 n 
31 31 II 
20 20 II 
200 201. 
" 131 J :' 1") _ _ _ l . • tl 
81 81 " 
132 lJ3 0.27% ｾＰ＠
206 207 0.17% ·2o 81 81 0.4-3% H20 51 52 None 
. 30 30 n 
20 20 
" 51 51 ＰＮＶＸｾ＠ H20 30 30 1. ＱＸｾｯ＠ Jff2 0 20 20 1.79% H2o 
R.N2o 
57.3 
30.0 
14.5 
4.0 
2.8 
2.3 
42.9 
24.5 
24.3 
90.2 
163.0 
86.4 
6.4-
6.8 
4-.9 
75.0 
Explodes 
Explodes 
R.o2 
2.5 
2.3 
0.6 
0.6 
0.3 
0.1 
2.9 
1.6 
0.5 
0 
0 
0 
0.2 
0 
j 
! 
I 
1 
! 
1 
I 
1 
- __________ ___j 
261. : \ 
ii) "Dryn Runs 
Run N20 co R.N20 R.02 
19 30 99 5.4 
20 48 101 11.6 0.3 
21 71 101 :14.0 0.5 
22 102 101 23.0 1.3 
23 150 100 33.4 2.3 
25 104 31 13.2 2.3 
26 102 53 15.7 1.9 
27 101 70 17.3 0.8 
28 1Cll1 104 25.4 0.8 
29 101 154 10.9 0.9 
30 101 204 21.6 o.s 
31 203 100 5.0 
32 102 100 1.1 
33 51 100 0.2 
328 103 31 2.0 
33a 104 so 1.7 
34 105 76 1.4 
36 105 101 1.4 
37 104 151 1.4 
30 107 201 0.6 
52 30 31 1.8 0.4-
53 31 51 1.9 0.2 
54 31 77 2.1 0.1 
55 30 :;_01 2.6 0.1 
56 30 152 4.2 
57 30 199 7.3 
58 51 31 2.6 o.6 
59 51 52 4.1 o.s 
60 50 85 6.3 0.4 
61 so 102 5.8 0.4 
62 50 154 6.4 0.2 
63 so 207 10.7 0.2 
63e. 150 30 18.4 4.3 
64 151 53 21.2 3.8 
65 151 77 20.9 3.5 
66 151 101 23.6 3.6 
67 150 153 33.7 1.9 
68 151 202 38.0 1.8 
69 199 30 19.8 7.8 
70 201 80 24.0 4.1 
71 200 100 27.3 4.8 
72 200 150 37· 7 3.2 
73 200 200 45.5 2.3 
74 201 50 20.4 5.9 
75 30 30 4.2 0.2 
76 51 31 6,0 0.6 
77 75 30 10.0 1.3 
78 100 30 11.6 2.5 
79 150 30 21.7 4.9 
80 210 30 31.5 9.1 
81 30 201 7.2 
ｾＶＲＮＮ＠
Run N2o co R.N20 R.o2 
83 . 50 202 10.3 0.3 
84 102 201 23.0 o.s 
85 151 201 34.6 2 • .0 
86 201 199 46 •. 7 241!9 
87 30 151 ＷｾＰ＠
88 51 151 10.2 0.2 
89 74 i51 14.4 o.6 
90 101 151 20.0 1.4 
91 150 152 35.6 2.8 
92 200 151 u.s 4.2 
93 31 None 1.0 ｾ＠94 50 11 2.4 
95 76 u 4.5 l N2o decamp. 96 102 " 8.1 97 153 II 13.5 98 201 " 19.7 
99 30 50 3.4 
100 52 51 6.9 1.0 
101 76 50 9.4 1.2 
102 102 51 12.8 ｾ＠ ... 3 
103 150 50 19.0 3.2 
104 199 50 31.5 5.7 
263. 
iii) Comparison of Chemiluminesoenoe with co2 formation. 
Run N20 co G R.N2o R.o2 IG/Co2 
105 202 200 44.5 ｾ＠ 3.3 ｾ＠ 0.117 106 202 199 8.38 
107 152 150 6.72 ｾ＠ 2.3 ｾ＠ 0.145 108 152 150 41+.0 
109 102 101 29.3 ｾ＠ 1.6 ｾ＠ 0.188 11.0 102 101 4.55 
111 75 76 16.8 ｾ＠ 0.7 ｾ＠ 0.240 112 76 77 3.53 
113 49 50 2.37 ｾ＠ 0.2 ｾ＠ 0.293 114 49 50 9.8 
1].5 30 30 6.8 ｾ＠ 0 ｾ＠ 0.278 1JL6 30 30 1.29 
ｾ＠ ｾ＠ ｾ＠ - - - ｾ＠ - ｾ＠ - ｾ＠ ｾ＠ ｾ＠ - - - - ｾ＠ - - ｾ＠ - ｾ＠ ｾ＠ ｾ＠ ｾ＠ - - - -
ll7 75 151 4.06 ｾ＠ 0.3 ｾ＠ 0.236 ll.O 76 151 12.6 
1].9 50 101 9.4 ｾ＠ 0.4 ｾ＠ 0.299 120 50 100 2.80 
121 30 60 1.77 ｾ＠ 0 ｾ＠ 0.4-00 122 30 60 5.4 
123 151 2.: i) 33.5 ｾ＠ 0.9 ) 0.129 124 151 299 ＷｾＵＸ＠ ) 
125 101 201 5.25 ｾ＠ 0.8 ｾ＠ 0.186 126 101 201 22.2 
ｾ＠ ｾ＠ - ｾ＠ ｾ＠ ｾ＠ - - ｾ＠ - - - - ｾ＠ - - ｾ＠ - - ｾ＠ - - ｾ＠ - - ｾ＠ ｾ＠ - ｾ＠ -
127 202 101 49.7 ｾ＠ 5.3 ｾ＠ 0.170 128 201 101 6.16 
129 152 76 5.51 ｾ＠ 3.7 ｾ＠ 0.208 130 152 76 30.2 
131 101 51 16.5 ｾ＠ 2.0 ｾ＠ 0.265 132 100 50 3.50 
133 76 38 8.9 ｾ＠ 1.3 ｾ＠ 0.295· 134 75 37 2.38 
135· 50 25 1.55 ｾ＠ 0.6 ) 0.346 136 50 25 6.7 ) 
137 29 15 3.5 ｾ＠ 0 ｾ＠ 0.246 138 29 15. 0.73 
?64. 
; 
iv) Activation Energy ｒｵｾｾ＠
Runs N20 co G- RoN2o R.o2 IG/C02 Temperature 
147 100 None 1.7 ) 
140 101 100 5:9 ｾ＠ ) ｾ＠149 101 100) 0.95 0.3 ) 0.239 650°C 
150 101 100) ＵｾＹ＠ ｾ＠ ｾ＠ ｾ＠151 101 100 152 101 None 1.7 
ｾ＠ - - ｾ＠ ｾ＠ ｾ＠ ｾ＠ ｾ＠ ｾ＠ ｾ＠ - - - ｾ＠ - - ｾ＠ - ｾ＠ - - ｾ＠ ｾ＠ - - - - - ｾ＠ -
153 101 None 3.3 
154 101 101 ll=6l 155 101 ＱＰＱｾ＠ 2.12 156 101 101 
157 101 101 11.6 
15£3 101 None 3.3 
_.._ __ ...,...__.....,_..,. __ 
159 102 None 
160 101 101 
-
161 101 ＱＰＰｾ＠ 7.15 
162 101 100 
163 101 101 -
164 100 None ·-
39 to 43 100 
44 to 48 100 
49 to 51 100 
100 
50 
196 
12.6 
35:5 l 
35.5 
12.6 
24.9 
15.3 
20.3 
0.5 l o.l90 675°C 
ｾ＠ ｾ＠ - - ｾ＠ - - ｾ＠ ｾ＠ - - - ｾ＠ - ｾ＠
2. 7 
1.2 
1..7 
o.o 
) ｾ＠) 0.162 ｾ＠ 725°C ｾ＠ ｾ＠
Insufficient resolution 
to distinguish N2o+ and co + 
2 
ｾ＠ - - - ｾ＠ - - ｾ＠ - - - - ｾ＠ - ｾ＠ - - ｾ＠ - - - - - - - - ｾ＠ ｾ＠ ｾ＠ - -
139 tol43 151 151 26.5 ＲｾＷ＠ .Air leak 
177 tol81 151 151 35.0 3.2 Successfu+ (App. 2.2) 
JJ?PENDU 2. 2 
Mass spectrometric analyses of N20/CO reaction mixtures. 
Run Time [N2o] ｾｰ＠ N o+ co+ 0 + NO+ + co+ 2 g 2 N2 
z.ero o.6min 130 1.9 1230 204 8 159 21.5 1120 
177 2.3 95 5.5 850 566 25 130 471 1000 
178 5.4 62 10.0 654 593 44 93 247 675 
179 10.4 30 13.1 544 963 56 88 Not recorded 
180 14.6 20 13.5 380 1030 45 52 901 600 
181 20.4 11 12.6 304 993 40 50 768 420 
The table above gives the sample time (nnnutes), the pressure 
of N2o and pressure change (rnm Hg) and peruc heights corresponding 
to the predominant ions. These values were obtained using a 1:1 
N20/CO ｾｩｸｴｵｲ･＠ a·:; ｡ｾＮｾ＠ ini tiol pressure of 300 mm Hg. Two earlier 
attempts at analysis of reaction mixtures were not as successful 
in obtaining meaningful results. In both these cases it was 
impossible to achieve sufficient resolution to distinguish between 
N2o+ and co2+, in one case a slight air ｬ･ｾ｣ Ｎ＠ during the course of 
the analyses prevented an estimation of oxygen. 
It can be seen that 
within experimental error there is no change in the ratio with 
reaction time. 
Run Time NO+/N2o+ ｊｾｶ･ｲ｡ｧ･＠
zero o.6 0.142 
177 2.3 0.153 
178 5.4 0.142 0.150 ± .015 
179 10.4 0.161 
180 14.6 0.137 
181 20.4 0.165 
266. 
Order of N20/CO reaction ｡ｮｾ＠ irreproducibility encountered. 
The plots of log (initial rate) vs log (initial pressure) are 
shown in Figs. a to g. The lines dravvn are obtained from a least 
squares approximation. A chronological list of runs is sho\vn below. 
An indication is given whether individual runs were faster (+) or 
slower (-) or the same (=) as the rate suggested by the least squares 
slopes of the individual order of reaction plots. Also shown are the 
points at which fresh carbon monoxide or nitrous oxide was prepared. 
. . .· . . . 
. 1-0 ＱＭｾ＠
B 0 8 0 
ｯＮｾ＠ 1· 6- o/ 
0 0 ｾＰ＠ 0 
0 
fr. 0·6 ｾ＠ " 0 1· ｾ＠ > 
0 
C) 
0 0 0 0 
0 
0 
0·4.,. 0 1· 2 ｾＭＭ
0 
nl [N2DJ=30 mm. d). ｛ｾｏｊ］ＱＵＰｭｭＮ＠
0 log [CO]o ｌｾｧ＠ [CO]o () 
L J 1· 0 ｾＭＭＱＭＭｾ＠ ! --' 
1-6 2·0 2·4 1·2 1·6 2·0 2·4 
1· 8 ｾ＠
o· 
e/ X 1· 0 .. 0 0 
-
0 §. 
w 1· 6' ｾ＠ 0 0 
d 
S- 0 0 
---1 0:8 ｾ＠ 0 
d ! 0 () 
ｾ＠
·c: 1· 4 ,.. 0 
t:n 0 
0 0·6 ｾ＠ 0 ･ｈｾｏｊ］ＲＰＰｭｭＮ＠,_j b). [ N20J= 5 Omm / 1·2 Log [CO]o Log [CO] b 
0·4 ｾ＠ 0 I ｾ＠ __.J . '-- ....J . _,.... .. J 
1-2 1· 6 2·0 2·4 1·2 1·6 2·0 2·4 
0 
1·4. &A 0 rg 
0 0 0 fig: to /o 0 . a e. t 
1·2 ,, go . Order b'V. r. t. CO, / 
0 0 
0 
1·0 
c). [H2DJ=100mm. 
o.a I 
Log [C0]
0 
'· .::J 
1·2 i. 6· 2·0 Ｒﾷｾ＠
0-6 ｾ＠
0-2 .. 
-- 1-0 ClJ 
ｾﾷ＠
d 
.s.... 
t:1) 
0 
_, 0·2 
co 
1-2 
t. 
1·2 
1·2 . 
. . " -. .-. .,. .. . -... - . ' . . ｾ Ｎ＠
1·6 
1-6 
1. 6 
./ 
ca o 
. / · 
Co 
1-B 
1· 4 
o/ 
/ 
0 1· 0 
0 0: 6 ,. 
fi [CO]= 3 Omm. 
Log [N20Jo 
. - ' 
2·0 j·l. 
0 . 
0 ﾷﾷｾＯＮ＠ 0 
0 . . 
0 0/ 
ｾＯ＠
g). [ C OJ= 5 0 mm 
h}. [C 0]=100mm. 
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Q.2 . 
1-4 
Q. 4 '" 
':\a . • · ··.'• . 
'----- , 
1·2 1·6 
i). [CO]= 15Dmm 
Log [N20Jo 
' . ....J 
2·0 2·k 
j).[COJ::20 Omm. 
Lag [N2DJo 
' --..... L-.. . ____J 
l2 1·6 2·0 2·4 
Fig: f to j 
Order w.r.t. N20. 
Order plot Ga.Se$ Order plot Gases 
Run N2o co prepared Run ｾＲ＿＠ ｾ＠ co prepared ......... • - ... f 
.1. + + N20, CO 73 4 74 
5 75 + + 
7 76 = + 
13 + Ｍｾｾ＠ ) w t 77 ::: 
14 + ｾ＠ 1a er 78 + added = 19 = = 79 + + 20 + + 80 + 
21 = 81 + = 22 = + 83 = 
23 = + 84 = = 25 = + N2o 85 = 26 + = 86 = N20 27 = 87 + + 
28 + + 88 = = 
29 = = 89 = 
30 = co 90 = = 
39/43 + + 91 + + 
44/4B + = 92 = = 
49/51 99 + 
52 100 + + 
53 101 = 
54 102 = 55 103 = 56 104 + + N2o, CO 57 + = 105/6 58 1oUs + + 59 109 10 + + 60 113/4 + + 
61 115/6 + + 
62 1lx8 63 = 119 20 = + 63a = = 121/2 + N2o 64 = :;:: 123/4 65 125/6 = = 66 12%8 = + 67 ;::: + 129 30 + 
68 = + N2o, CO 131/2 + = 69 + 135/6 + 
70 13x8 + 71 139 43 N2o, co 72 17%/ = N2o, co 177 81 + + 
270. 
APPENDIX 3.1 
Determination of absorption coefficient in the presence of scattered 
Signal 
Intensity 
I 
0 
s 
-r ---
Scattered light 
,! .. 
Pressure 
The figure above represents a typical plot of signal ｩｮｴ･ｮｳｩｾ＠
versus nitrous bxide pressure. The scattered light contribution 
is considered constant and urucnown. In order to obtain the true 
absorption coefficient it would be necessary to correct the measured 
----------------------------------------------" 
intensities (I0 , I1, I2 etc.) for the scattered light contribution S. 
As pressure Pl the "true" Beer t s Law relationship would be 
given by: 
I1 -s = exp (-k p1 d) 
Io -s 
ｶｾ･ｲ･＠ k = absorption coefficient and ｾ＠ the light path. 
Similarly at another pressure p.2 
I2 -s -- ( ) exp -k p 2 d 
If (1) is divided by (2) 
• • • (1) 
••• 
(2) 
Il -s = exp [ -kd (pz -pl)] • • • (J) 
I2 -s 
Provided that the pressure difference (p2 - p1) = ｾ＠ P 
is a oonstan-!t 
::;: constant C ••• (4) 
for ｡ｾ＠ pair of intensities and pressures. 
Therefore, 
••• (5) 
and plots of I1 against I 2 would yield a straight line of slope C 
and intercept (s - cs) • . 
Log C = ｾｌｾｰ＠
10 2.303 
:. k = Log10 ｳｬｯｰ･ｾ＠ 2.303 f. Ｈ､ＮｾｰＩ＠
272f' 
lL?£-ENDIX 4.1 
Gases used in Ion-Molecule Reactions 
Nitrous Oxide - B.OoCo anaesthetic grade 
Carbon Dioxide - IoCoio 99% pure 
Hydrogen BoOoCo standard grade 
Deuterium 
- MathosOIL Co. c oPo grade 99.8% 
Hydrogen deuteride was prepared using the method described by 
Fooks on, Pommero.ntz and Rich [ 108] which is outlined below. The whole 
preparation was carried out on, and the HD obtained stored in, the gas 
handling system described in Section I of this thesis. 
Lithium aluminium hydride (4g) was added to n-butyl ether (80 ml), 
the operation being carried out in a.n N2 filled dry box. The n-butyl 
ether had been dried over sodium wire and just before use was distilled 
from sodium to ･ｮｳｾｲ･＠ perfect dryness. li slurry of Li lu H4_ in the ether 
was obtained. This slurry was contained in a two-necked 250 ml quickfit 
flask which was fitted vd .. th a magnetic stirrer. One neck of the flaruc 
was closed with a rubber sputum cap and the other was attached to a double 
surface reflux ｣ｯｮ､･ｮｳ･ｲｾ＠ . The flaru{ and reflux condenser were then 
attached via a liquid air cold trap to the vacuum system. 
I 
The slurry was frozen in liquid air and the whole apparatus evacuated. 
The mixture was allowed to warm to room temperature with the vacuum switched 
off. The mixture was again frozen in liquid air and 3 ml of D2o (IoCoio 
99.8% pure) was added from a Ayringe through the sputum cap. The mixture 
was allowed to melt and was stirred continuously. Under these conditions 
HD was evolved slowly. If the reaction mixture became too warm (signalled 
by the melting of frost collected round the sides of the flask) the reaction 
was slowed down by re-immersing the flask in liquid air, 
After about 1 hour the reaction becnme very slow. The reaction 
""'!"'"""----,-------,-------- --- ----
ｭｩｾｴｵｲ･＠ was frozen and a further 3 ml of D20 added. This was repeated 
1 hour later when 4 ml of D2o was added. After about 3 hours 5 litres 
of HD at about 700 rom Hg pressure had been collected. The gas was 
stored and this was transferred to the mass spectrometer gas line when 
required. 
Mass spectrometric analysis of the hydrogen deuteride showed that 
it was about 98% pure. 
--- -- -- _____________________ ___J 
